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MUTANTS OF DROSOPHILA MELANOGASTER DEFICIENT IN 
XANTHINE DEHYDROGENASE 


EDWARD GLASSMAN!,? and H. K. MITCHELL 


The Biology Division. California Institute of Technology, Pasadena, California 


Received February 27, 1958 


| cower’ the fact that Drosophila melanogaster is widely used in genetic in- 
vestigations, the difficulties in detecting mutations amenable to enzymatic 
analysis has resulted in few gene-enzyme studies in this organism. Recently how- 
ever. Haporn and Scuirnk (1956) reported that the mutant ry? lacks isoxan- 
thopterin, while Forrest, GLassmMAN, and MircHetyi (1956) found that this 
mutant as well as ma-l are deficient in the enzyme which converts 2-amino-4- 
hydroxypteridine to isoxanthopterin in Drosophila. (We could not confirm the 
previous report that ma also lacks the enzyme.) According to Lowry et al. (1949) 
this type of reaction is catalyzed by xanthine oxidase from milk and, indeed, the 
enzyme from Drosophila has proven to be xanthine dehydrogenase. Figure 1 
summarizes some of the reactions catalyzed by this enzyme. The present paper 
describes the purification and some properties of the Drosophila enzyme and its 
deficiency in purified extracts of ry and ma-l. In addition, the production of rab- 
bit antibodies to the enzyme is described, as well as the presence of a cross-react- 
ing substance in the mutants. (The following abbreviations of the mutants are 
used in this paper (Bripces and BrEHME 1944): ma-/=maroon-like eye color; 
ry =rosy eye color; ma=maroon eye color; st=scarlet eye color). 


METHODS AND MATERIALS 


The 2-amino-4-hydroxy pteridine was synthesized by the method of Carn et al. 
(1946). The impure product was dissolved in hot formic acid, treated with char- 
coal. and precipitated by chilling. It was then dissolved in alkali and precipitated 
by stepwise addition of small amounts of acid until the precipitated product was 
chromatographically pure. The isoxanthopterin and the 2-amino-4-hydroxy- 
pteridine were kindly donated by Dr. H. S. Forrest. Other chemicals were of 
commercial origin. 

Flies were raised on a standard medium containing corn meal (ten percent), 
agar (0.5 percent), dextrose (six percent), sucrose (three percent), brewers 
yeast (two percent), propionic acid (0.5 percent), and seeded with live yeast 
when cool. Adults were collected when less than three days old since the activity 
of the enzyme declines in older flies. Larvae and pupae were collected as pre- 
viously described (GLAssMAN 1957b); they were also obtained by washing the 
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Ficure 1.—Reactions of xanthine dehydrogenase. 


top layer of food out of the bottles and then floating the larvae by addition of 
sodium chloride to saturation. 

Flies were chromatographed by crushing individual adults directly on the 
paper as described by Haporn and MitcuHe yt (1951), or by homogenizing them 
in one percent ammonia and spotting the extract after centrifugation. The solvent 
system most used was propanol: one percent ammonia (2:1), but butanol: acetic 
acid:H.O (4:1:5) and propanol:one percent acetic acid (2:1) were also used to 
help identify various substances. Isoxanthopterin and 2-amino-4-hydroxy pteri- 
dine were detected on the chromatograms by their fluorescence using a U.V. lamp 
emitting strongly at 360 mp, while uric acid and hypoxanthine were detected by 
their absorption with a U.V. lamp emitting at 260 mz. 

The most convenient assay of the enzyme is based on the change in fluorescence 
when 2-amino-4-hydroxypteridine is oxidized to isoxanthopterin (Burcu et al. 
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1956). (The following chemical abbreviations are used in this report: Tris=tris 
(hydroxymethyl) aminomethane; DPN =diphosphopyridine nucleotide; FAD= 
flavinadenine dinucleotide.) The reaction was carried out directly in the fluori- 
meter tube to which were added one ml of 0.1 M Tris buffer at pH 8.0; 0.01 to 
0.1 ml of enzyme; 0.02 ml of 10-* M 2-amino-4-hydroxypteridine; and either 
0.02 ml of 10°? M DPN or 0.01 m1 of 10-* M methylene blue. A #5860 Corning 
glass was used as a primary filter and a combination of a Corning #5113, a Cole- 
man PC3, and a Klett #44 filter was used as the secondary filter. A quinine 
standard in 0.1 M H,SO, which fluoresced the same as 2.5 X 10° M isoxan- 
thopterin in 0.1 M Tris buffer, pH 8, was used. With this solution in place, the 
galvanometer scale of the Farrand fluorimeter (model A) was set at 30. The rate 
of the reaction was proportional to the enzyme concentration, and was linear for 
5 to 20 minutes provided it did not exceed 10 to 15 galvanometer units per minute. 
A unit of enzyme activity is defined as that amount of enzyme which will cause 
a change of one galvanometer unit per minute in the system described above. 
This is equivalent to the production of 0.08 my moles of isoxanthopterin per 
minute. 

When the reaction could not be run directly in the fluorimeter, aliquots of 0.04 
ml were taken from a reaction mixture containing 0.03 ml of 5 x 10° M 2-amino- 
4-hydroxypteridine; 0.03 ml of 5 x 10° M DPN; 0.01 to 0.1 ml of enzyme; and 
enough buffer to make the volume 0.3 ml. These aliquots were taken at 10-20 
minute intervals and diluted to one ml with 0.01 M Tris buffer, pH 8, containing 
0.02 y per ml of 2-amino-4-hydroxy-6-formylpteridine, which stopped the reac- 
tion. The extent of the reaction was measured by determining the fluorescence of 
this mixture as described above. 

The rate of oxidation of hypoxanthine and xanthine was measured directly in 
the cuvette of a Beckman DU spectrophotometer by determining the increase in 
reduced DPN at 340 mu. The relative rates of oxidation of the various substrates 
were determined by using 2,6-dichlorophenol indophenol as the electron acceptor, 
and following its reduction at 600 mz in a modification of the method of Avis 
et al. (1956). 

A rapid and relatively mild method of protein purification was developed to 
remove inhibitory substances (purines, pteridines, aldehydes, etc.) from the 
mutant extracts without denaturing a possibly unstable mutant enzyme. All steps 
were carried out below 5°C. The enzyme extract was prepared by homogenizing 
flies in two volumes (w/v) of 0.1 M Tris buffer, pH 8, and centrifuging the re- 
sulting extract at 80,000 x g for 40 minutes in a Spinco model L centrifuge. The 
resulting supernatant solution was treated with 100 mg of Norite-A per ml, and 
after ten minutes, it was centrifuged at 20,000 x g for 15 minutes. To the clear, 
colorless supernate was added a saturated solution of (NH,),SO, to 30 percent 
saturation. The solution was centrifuged after 20 minutes and the supernate was 
brought to 50 percent saturation with the (NH,).,SO, solution. After 30 minutes, 
this was centrifuged at 20,000 x g for 15 minutes and the precipitate was redis- 
solved in a volume of buffer one third that of the charcoal treated homogenate. 
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This extract will be referred to as AMM-I. When the flies were originally homog- 
enized in a buffer other than Tris (phosphate, veronal, borate and 2-amino-2- 
methyl]-1,3-propandiol were tried), large losses of enzyme activity were observed 
during the (NH,).SO, precipitation. This loss could not be restored with FAD, 
Mo?+, Fe*+, or boiled enzyme. 

AMM.-I was treated with an equal volume of distilled water and a similar 
amount of calcium phosphate gel (SrNGER and Kearny 1950) containing 25 to 
30 mg of gel per ml. After one hour the gel was centrifuged, and washed succes- 
sively with 2 M Tris, pH 8.0; 0.1 M (NH,).SO,, pH 8.0: and distilled water. The 
gel was then eluted with 0.02 M potassium pyrophosphate in 0.1 M Tris, pH 
8.5, and the eluates were concentrated to one half the volume of AMMS-I by 
repeating the 30-50 percent (NH,).SO, precipitation. This final extract will be 
referred to as AMM-II. This procedure achieved purifications ranging from 10- 
to 50-fold with a recovery of enzyme activity between 50 to 75 percent. The 
purified enzyme was usually stable for several weeks when stored at — 15°C, but 
some preparations lost activity after several days. Protein was assayed by a modi- 
fication of the method of Lowry et al. (1951). 

Antibodies to the enzyme were prepared by injecting 1 to 3 ml of AMM-I 
or AMM.-II into a rabbit three times a week for three weeks. Blood was taken five 
to nine days later, but increased titers were achieved by booster shots one month 
later. The antisera were heated at 54°C for 20 minutes to inactivate complement, 
and then treated with 50 mg of Norite-A per ml to remove aromatic inhibitors. 
The antibodies were then precipitated with 60 percent saturated (NH,).SO.o, 
redissolved in Tris buffer and dialyzed. 


Description of the mutants 


Stocks of Oregon-R wild type, ma-l and ry’ were obtained from the Drosophila 
collection at the California Institute of Technology. The strain of ry? was ob- 
tained from Pror. Haporn. No differences between ry’ and ry* have been ob- 
served. Both ma-l and ry lack most of the red eye pigments and exhibit a dark 
reddish-brown eye color, which is similar in the two mutants and the double 
mutant, ma-l; ry. The combination ma-l;st, st ry*, or ma-l;st ry? produces yellow- 
ish-orange eyes. 

ma-l is an X-ray induced mutant discovered by Ottver (see BrincEes and 
BreHME 1944), who reported that it was a sex-linked recessive near vermillion, 
which is at locus 33. Our own studies indicate that ma-l is located closer to Bea- 
dex, which is at 57. Close location is hindered by the fact that ma-l+ exerts a 
maternal effect, and thus, the genetically ma-/ offspring of a female heterozygous 
for ma-l will have wild type eye color. This phenomenon is also evident when 
ma-l; st males are mated to attached-X; st females; their patroclinous sons have 
scarlet eyes and not the yellowish-orange associated with ma-l; st flies. However, 
genetic tests show that they are ma-l. Details of the experiments will be published 
elsewhere. 

ry occurred spontaneously and is located at locus 51+ of the third chromosome 
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(BrinceEs and BREHME 1944). The wild type allele of ry does not have a maternal 
effect. Haporn and ScHwink (1956) have shown that this mutant is non- 
autonomous when whole tissues are transplanted, but recent attempts to change 
the eye color with cell-free extracts have not been successful (MircHe tt et al. 
1958). We have also been able to show that ma-/ is nonautonomous in gynandro- 
morphs (GuiassMAN 1957a). 


RESULTS 


Enzyme properties: Large losses in enzyme activity were noted following treat- 
ment with charcoal. This loss could be restored with boiled enzyme extracts, or 
with the electron acceptors, DPN, methylene blue, or 2,6-dichlorophenol in- 
dophenol. This indicates that the enzyme from Drosophila resembles xanthine 
dehydrogenase of chicken liver (Remy et al. 1955), rather than the oxidase of 
milk. The rate of oxidation without addition of one of these electron acceptors is 
1/10 to 1/20 the rate in their presence. As yet we have not been able to demon- 
strate a requirement for other co-factors, (FAD, Fe*+, Mo*+) usually associated 
with this enzyme when isolated from other sources. The rate of the reaction 
appears to be independent of pH between 7 and 8.2 when Tris buffer is used, but 
there does appear to be a slight optima as pH 7.8 in 0.1 M potassium phosphate 
buffer. 

The enzyme oxidizes purines (hypoxanthine, xanthine), pteridines (xanthop- 
terin, 2-amino-4-hydroxypteridine), and aldehydes (benzaldehyde). There is 
some doubt, however, whether acetaldehyde serves as a substrate. The Michaelis- 
Menten constant for 2-amino-4-hydroxypteridine is 6.7 x 10° M; for xanthine 
and hypoxanthine it is 2.5 x 10° M and 2.1 x 10° M, respectively. The latter 
two compounds are oxidized about 214 times faster than 2-amino-4-hydroxypteri- 
dine. More detailed examination of the properties of the enzyme will be reported 
elsewhere. 

The enzyme is present in extracts of larvae and pupae prepared as described 
for adults. No differences have been observed in the enzyme isolated from these 
three stages of Drosophila. 

The Mutants: Extracts of ry’, ry? and ma-l have been purified as described 
for the wild type enzyme. In no fraction was any activity observed using 2-amino- 
4-hydroxypteridine (Figure 2) or hypoxanthine as substrate, nor was it possible 
to elicit any activity in any of the mutant fractions by adding boiled enzyme, 
FAD, FMN, MoO,, Na,Mo0O,, or FeCl,. Mixing the extracts of the two mutants 
was also ineffective. It should be pointed out that crude extracts of the mutants, 
as well as wild type, partially inhibit the activity of the enzyme. Since charcoal 
can remove the inhibition it is presumably due to the presence of purines and 
pteridines normally found in this organism. It is of interest that the heterozygote 
ry*/+ flies have less enzyme activity than the wild type. 

As a consequence of the enzyme deficiency, uric acid and isoxanthopterin 
cannot be detected on paper chromatograms of extracts of the mutants; instead, 
there are increased amounts of their precursors, hypoxanthine and 2-amino-4- 
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Ficure 2.—Enzyme activity in wild type and mutant extracts. Each fluorimeter tube con- 
tained 0.1 ml of purified extract (AMM-II) made from flies homogenized the same day. The 
other constituents of the assay are described under Methods. Similar data were also obtained 
using the charcoaled treated preparations and AMM-I. 


hydroxypteridine. Furthermore, increased amounts of 2-amino-4-hydroxypteri- 
dine in wild type and mutant pupae and adults could be induced by adding it to 
the food (1 mg/ml), but only the wild type showed an increase in isoxanthop- 
terin. The mutants still had no detectable amounts of isoxanthopterin. These data 
indicate that the enzyme is physiologically important in these reactions, and that 
the enzyme is not operating in ma-/ and ry in vivo as well as in vitro. 

Antibodies: In order to ascertain whether the mutants produce an inactive pro- 
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tein, antibodies to the wild type enzyme were prepared as described under 
Methods. When testing for cross-reacting substances the concentration of the 
enzyme and the antisera were adjusted so that 65 to 85 percent inhibition of the 
enzyme occurred. The antisera was first added to the mutant extract, and after 
ten hours this mixture was added to the enzyme. Twelve hours later, the mix- 
tures were centrifuged, and the supernate was assayed for enzymatic acivity. 
The extracts of ma-l and ry were always prepared at the same time, and had 
similar protein concentration. 

Typical data are presented in Table 1. In this table, the rate of reaction of un- 
treated enzyme is expressed as 100. When the enzyme was treated with antisera 
the rate was reduced to 14. However, when the antisera was first treated with ex- 


TABLE 1 


Cross reacting antigenic substances to xanthine dehydrogenase in mutant extracts 


























Relative % Reversal 
Rate of anti-sera 
(E = 100) inhibition 
E 100 ‘ 
E + A-S 14 
E+[ A-S+ ry” (AMM-I) ] 17 3 
E+[ A-S+ ry” (AMM-II) ] 31 20 
E+[ A-S + ma-l (AMM-I) ] 66 46 
E+[ A-S + ma-l (AMI-II) ] 95 92 








In this experiment 0.1 ml of purified antisera were mixed with 0.1 ml of the mutant extract. 
This was allowed to stand at 4°C for ten hours. To this mixture was then added 0.2 ml of wild 
type enzyme (AMM-II). After 12 hours the mixtures were centrifuged, and 0.2 ml of the 
supernate was assayed for enzyme activity as described under Methods. Control mixtures were 
diluted with 0.1 M Tris buffer. pH 8. It should be noted that there was no enzyme inhibition 
with normal rabbit serum or with the mutant extracts. 

E=enzyme; A-S=Antisera; AMM-I=1st (NH,).SO, fraction; AMM-II=2nd (NH,).SO, 


fraction. 
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tracts of ma-l, the inhibition of the enzyme by the antisera was suppressed (46 
percent by AMM-I, 92 percent by AMM-II), whereas, ry? was much less ef- 
fective in reversing enzyme inhibition (only three percent by AMM-I and 20 
percent by AMM-II). These data indicate that both mutants contain a substance 
capable of reacting with the antibody to the enzyme, but ma-l has much greater 
amounts of these substances than ry*. The increased effectiveness of AMM-II 
when compared with AMM-I for both mutants is probably due to the increased 
concentration of AMM-II. 


DISCUSSION 


The data presented above indicate that in Drosophila melanogaster either of 
twe loci (ma-l+ and ry+) can mutate to produce a deficiency of xanthine de- 
hydrogenase. Extracts of these mutants have been partially purified and all frac- 
tions lack detectable enzyme activity, indicating that the loss cannot be ascribed 
to the presence of a simple inhibitor. 

The similarities between ma-l and ry are striking. Both have similar eye- 
colors, and because of the enzyme deficiency, the same biochemical excesses 
(hypoxanthine and 2-amino-4-hydroxypteridine) and deficiencies (uric acid 
and isoxanthopterin) occur. In addition, both mutants seem to be nonautono- 
mous. However, we have noted differences between these mutants. The first is 
the maternal effect of ma-l/+ mentioned above, which is not exhibited by ry*. 
The other difference is in the amounts of the substance (termed CRX) which 
reacts with the antibody to xanthine dehydrogenase. The data indicate that it is 
present in both mutants, but ma-l contains much greater amounts than ry*. Its 
significance is obscure at present; it may represent the inactive enzyme protein. 
However, LERNER and YANorsky (1957) have shown that CRM, a material 
which cross reacts with the antibody to tryptophan synthetase in E. coli is the 
enzyme which catalyzes the preceding reaction in the sequence, i.e., the forma- 
tion of indole. Whether CRX in Drosophila represents an enzyme whose sub- 
strate is closely related to the substrate of xanthine dehydrogenase remains to be 
shown. Unfortunately, very little is known about the enzymes involved in pteri- 
dine metabolism and tests for uricase have proved negative. Further work is 
contemplated on this point. 

Certain tentative conclusions concerning gene action can be made. In order to 
fit these data into a unitary gene-enzyme relationship, it may be argued that only 
one of these genes is directly involved in the production of the enzyme; however, 
it would be difficult to determine which one on the basis of the present data. A 
number of cases have now been reported in various organisms (LANDMAN 1950; 
LEDERBERG 1951; Marxert, 1950; Horowitz and Fiine 1957; KurasHasHi 
1957) in which more than one gene seems to play a role in the production of a 
single enzyme. Indeed, the presence of adenylsuccinase in a heterocaryon of 
Neurospora .made from two mutants which lack this enzyme (G1LEs et al. 1957) 
might be interpreted in this way. 

One can also visualize a situation where a single gene product can contribute 
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to the specificity of more than one enzyme, particularly if the enzymes catalyze 
the reactions of compounds of similar structure. This would most likely occur 
for enzymes in sequential reactions, and indeed, such a case has been reported by 
LERNER and YANorsky (1957) for tryptophan synthesis in E. coli, as mentioned 
above. It is most significant that the two enzymes which are deficient in the 
single mutant are antigenically alike, indicating that the same gene may have 
conferred similar specificity on these molecules. Another situation also suggestive 
of this phenomenon is the Jac; mutation in E. coli (LEpERBERG 1951). It would 
be interesting to see if the enzymes hexokinase, amylomaltase, and lactase which 
are deficient in this strain (Douperorr et al. 1949) are antigenically related. At 
any rate, it is clear from the data in this paper that the relationship between 
genes and enzymes (proteins) may be more complicated than a simple, unitary 
relationship. 


After this paper was submitted, Crawrorp and YaNorsky (Proc. Nat. Acad. Sci. (Wash.), 44: 
1161, 1958) presented new evidence showing that, in E. coli, a comp!ex of two proteins is necessary 
for normal tryptophen synthetase activity. CRM now seems to be one of the proteins in this com- 
plex. 


SUMMARY 


The enzyme xanthine dehydrogenase has been partially purified from ex- 
tracts of wild type Drosophila melanogaster and some of its properties have been 
described. Two mutant loci, ry and ma-l, have been shown to produce a defi- 
ciency of this enzyme. Purified extracts of these mutants do not exhibit any de- 
tectable enzymatic activity indicating that simple inhibitors are not involved. 
Antibodies to the enzyme were prepared by injecting‘purified wild type extracts 
into rabbits. The analysis indicates that ma-l has much greater amounts of a 
substance capable of cross reacting with this antibody than ry*. It is suggested 
that these data do not easily fit into a unitary gene-enzyme relationship. 
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HE findings reported here are concerned with (1) the validity of observa- 

tions on chromosome pairing made from slides prepared by the squash tech- 
nique; (2) a relationship between pairing of a specific chromosome region and 
freedom of chromosome ends; and (3) an effect of the Y chromosome on 
chromosome pairing. 


Does the squash technique affect the apparent degree 
of pairing of salivary gland chromosomes? 


Observations on pairing of salivary gland chromosomes are open to question 
on the grounds that paired chromosomes may be separated in the process of 
squashing that is used routinely in the preparation of these chromosomes for 
microscopic observation. Some evidence is presented here that chromosome 
regions paired before squashing are not affected by this technique, but remain 
paired. 

The material from which this evidence was obtained was a stock designated 
N?**4-109r7, which was derived by irradiation from the stock N***-’”? (see BripGEs 
and BreHME 1944). In N?*~?"", a piece of the X chromosome, from 3C1 to 4B3-4 
inclusive, is inserted in inverted order in the proximal heterochromatin of 3L in 
section 80 (see Figure 1a, and Bripces’ salivary chromosome maps 1935, 1938). 
The stock used in these experiments had structurally normal X chromosomes, 
carrying the recessive w allele at the w locus (white eye, locus 1.5) and was 
hyperploid for the translocated 3C1-4B3-4 region for the X, which included the 
w* allele. Males and females heterozygous for the third chromosome carrying 
the 3C1-4B3-4 duplication are viable and fertile and have mottled eyes in which 
very little pigment is present. 

In the original condition, males carrying the duplication were inviable 
(Brivces and BreuMme 1944). It is assumed that selection has occurred within 
this stock for modifiers which increase their viability. The viability and fertility 
of flies (male or female) homozygous for the duplication is very low. 

Males of the constitution y w/Y; Dp (1;3) N*%-1°°/+ were irradiated with 
5000r and mated to y w/y w females (y=yellow body color), and from the 
progeny, any flies whose eyes appeared darker than those of the N**1° stock 


1 This work was aided by a grant from the Dr. Wa.tace C. and Ciara A. Asport MEmoriAL 
Funp of the University of Chicago. 
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Figure 1.—Altered third chromosomes in stock N?64~190 and its derivatives, r1, r2, r3, r7, 
and r/1. Euchromatic regions are represented in outline, heterochromatic regions black, centro- 


meres by circles and the duplication from the X chromosome, 3C1 to 4B3-4, by the rectangle 
marked x. 





were selected and mated with y w flies to establish a stock. One such female 
proved, on cytological analysis of the stock, to have carried a pericentric inversion 
in the third chromosome in which the duplicated piece of X was present. The 
new breaks were immediately to the left of the duplication and close to the tip of 
3R, between 99B3 and 99C1 (Figure te). The stock established from this female 
was N***-!r7, The new chromosome could be studied only in heterozygous 
females, as males carrying the rearrangement are inviable. 

The following observations were made on salivary gland chromosomes of 
N**+-1%r7 females heterozygous for this third chromosome inversion and a 
normal third chromosome: (1) The tip of 3R distal to the duplication is nearly 
always (in 99 percent of 200 nuclei scored) paired with the homologous region in 
the normal third chromosome. (2) The piece of X translocated to the third 
chromosome is frequently (in 64.5 percent of 200 nuclei) paired with its homo- 
logues in the normal X chromosomes. (3) In nuclei in which both of these re- 
gions of the rearranged third chromosome (viz.—the tip of 3R and the adjacent 
piece of X) are paired, the paired regions may be several micra apart, con- 
nected by a thin strand of stretched unpaired chromosome. 

Figure 2a shows the tip of 3R paired, the adjacent X duplication also paired 
and lying very close by, and the proximal heterochromatic regions of the third 
chromosome, including the centromere, which are unpaired. Figure 2b also 
shows the tip of 3R and the duplication paired, but in this nucleus they are about 
ten micra apart and the connecting chromosome region is stretched so that it has 
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Figure 2.—Microphotographs of salivary chromosomes in the stock r7. A: a relatively un- 
stretched preparation; B: stretching of the region where the tip of 3R and the duplication from 


the X chromosome (Dp) adjoin one another, both being paired with their homologues. x 2700. 
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only about one quarter of its normal width. In this nucleus the region including 
the centromere has broken away from the duplication, and is not visible in the 
photograph. 

It is clear that although both the stretching and the breakage that have oc- 
curred in this second nucleus may be attributable to the squash technique, the 
pairing of the 3R tip and the X duplication has not been affected. It seems that 
regions which have been effectively paired remain paired in the course of cyto- 
logical preparation, even though there is evidence of forces which would tend to 
separate them. This is not to say that chromosome regions which had been lying 
alongside one another, without being intimately paired, might not be separated 
by squashing. We should perhaps distinguish between intimate and effective 
pairing, or synapsis, and loose pairing or contiguity. 


A relationship between free chromosome ends and pairing 


It was noted in the previous section that pairing of the X duplication with the 
homologous region of the normal X occurred in 64.5 percent of the salivary 
gland nuclei in females of the N**-!%r7 stock. This frequency of pairing was 
markedly higher than that observed in the original stock carrying the duplica- 
tion, V***-!°, where it was paired in only four percent of 50 nuclei scored. It was 
also higher than in four other stocks derived from N**!-'’ by the same method 
as was N**-19r7, In each of these stocks an inversion was present in the third 
chromosome, with one of breaks adjacent to the the duplication. The position of 
the duplication in the rearranged third chromosome of each of these stocks is 
shown in Figure 1 (b, c, d, f). The proportion of nuclei in which the duplica- 
tion was found to be paired with the normal X chromosomes was as follows: in 
r1, two percent; in r2, zero percent; in r3, zero percent; in r/7, four percent. Fifty 
nuclei were scored from each stock. 

In seeking an explanation of the high frequency of duplication pairing in the 
r7 stock, it seemed possible that this was due to close proximity of the duplication 
to the free end of 3R. Association of non-homologous ends (in this case of the 
tips of X and 3R) as described by Hinton and Arwoop (1941) might facilitate 
pairing of regions close to these ends. If this were so, the incorporation into the 
r7 stock of closed X chromosomes in substitution for the structurally normal X 
chromosomes would eliminate the possibility of association between X and 3R 
tips, and might be expected to reduce the frequency of pairing of the duplication. 

Females from the r7 stock, of the constitution y w/yw; InDp/+ were mated 
with X°'/sc*Y males. F, females which were X“'/y w and might or might not 
carry the r7 duplication chromosome, were in turn mated individually with 
X°'/sc*Y males. The larvae were raised at 18°C and slides were made from the 
salivary glands of X“'/y w and X“/X“ females. Cultures in which the r7 third 
chromosome was not detected cytologically were discarded, and counts of dupli- 
cation pairing were made in slides from X°'/y w; In. Dp/+ and X°/X“; In-Dp/+ 
females. The two genotypes were distinguished prior to the counts by the fre- 
quency of pairing of the X chromosomes, which was much higher in the homozy- 
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gotes for the closed X. The results, together with those previously obtained from 
y w/y w; InDp/+ females are given in Table 1, columns 1, 4, and 5. It will be 
seen that pairing is progressively reduced in the X“'/y w and X“'/X™ individuals 
as compared with the y w/y w. In the X°'/y w females the duplication is fre- 
quently paired with only one of the X chromosomes. This is the y w rod X whose 
tip is free from the chromocenter, while that of the ring X is in the chromocenter. 
In X°'/X“ females, the duplication is occasionally paired with only one X 
chromosome, which is not paired with its homologue in this region, but this is a 
much less frequent occurrence than in the X°!/y w heterozygote. 


TABLE 1 


Pairing of an X duplication in the third chromosome of N2°4—°r7 with the homologous 
region of a normal X chromosome (y w) and a ring X(X©1), and an X chromosome 
with long inversion X (©? ). 








X chromosome constitution yw/yu y w/XC XC2/XC2 y w/XC xC1/XC1 
Dp paired with both X’s 36 5 3 14 5 
Dp paired with one X BA 10 1 7 1 
Dp unpaired 14 35 46 29 44 
Total 50 50 50 50 50 





A similar experiment was made with an X® stock, but it was found later that 
this ring X had opened up and now contained a long inversion. The results, shown 
in Table 1, columns 2 and 3, are much the same as those for the X“! stock (which 
was checked cytologically for presence of a closed X in ganglion cells. 

It can be concluded that the freedom of the X tip is an important factor in the 
frequency of duplication pairing manifested in the 77 stock, for pairing is reduced 
both with X°!, where the tip of X is not free, and with the opened and inverted 
X°, where the region homologous to the duplication is close to the centromere 
instead of close to the free tip. This conclusion supports, but does not prove, the 
hypothesis that the high frequency of pairing follows from non-homologous 
association between the X and 3R tips. 


Effect of an extra Y chromosome on pairing of salivary gland chromosomes 


In the course of experiments in which some larvae had an extra Y chromo- 
some, it was noticed that the salivary gland chromosomes seemed to be unpaired 
more frequently in XXY females than in their XX sisters. The cross from which 
these larvae were obtained was between w***°/y Hw In dl-49 m’g‘/sc* Y fe- 
males and y w males. w***~'* denotes a reciprocal translocation between the X 
and fourth chromosomes with the break in X to the right of the w locus, between 
3C4 and 3C5.6 (DemeErEc and SLizynskKa 1937). The w locus, reattached close to 
the centromere of chromosome 4, is responsible for mottling of the eyes and mal- 
pighian tubules in females heterozygous for w***-!* and w. The recessive y allele 
of the yellow locus is also present in the translocated X. The sc* Y chromosome 
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carries the wild type (y+) allele at the y locus and its presence can be detected in 
w***-!* /y w larvae by the color of the mouth parts—phenotypically yellow larvae 
are w***-!*/y w and phenotypically wild type larvae are w***-!*/y w/sc* Y. 

The experiment was set up for a comparison of pairing in the XX and XXY 
females, of the tip of X, in which the w locus is situated. It may be stated that 
this part of the X was unpaired in more than 90 percent of the nuclei in both 
types of females, and there was no significant difference between the two groups. 

Pairing or nonpairing of heterochromatic regions was impossible to score, as 
they are usually associated in the chromocenter in any case. The further results 
relate, therefore, to the euchromatic regions of the major autosomes, excluding 
chromosome 4, and the proximal part of the X chromosome from 3C5.6 to the 
heterochromatic region (19-20). The counts are given in Table 2 (columns 1 
& 2), which shows some increase in the frequency of unpaired regions in each 


TABLE 2 


Effect of Y chromosomes on the frequency of nuclei with unpaired regions in the euchromatic 
parts of 2L, 2R, 3L, 3R and the proximal! part of X (XP) from 3C5-6 to 19 











XX larvae XXY larvae XXYY larvae 

Total nuclei scored 200 200 50 

All regions paired in 143 nuclei 102 nuclei 21 nuclei 
Part of XP unpaired in 11 nuclei 16 nuclei 5 nuclei 
Part of 2L unpaired in 5 nuclei 13 nuclei 3 nuclei 
Part of 2R unpaired in 20 nuclei 28 nuclei 7 nuclei 
Part of 3L unpaired in 10 nuclei 25 nuclei 8 nuclei 
Part of 3R unpaired in 11 nuclei 16 nuclei 6 nuclei 

XX larvae, w*5*48/y w; XXY larvae, w®*48/y w/sc8Y; XXYY larvae, w?5*!8/y /sc8Y/Y :bw*. 


chromosome arm, (namely, the proximal part of X, 2L, 2R, 3L, and 3R) in the 
presence of the sc* Y chromosome. The increase is in fact somewhat higher than 
is shown in the table, as the original intention was to score nuclei in which all 
regions were paired versus those in which one or more unpaired regions oc- 
curred. As soon as an unpaired region was identified in one chromosome arm, it 
was therefore entered as such in the record and other unpaired regions which 
might be present were ignored. The proportion of nuclei in which all regions 
were completely paired was 71.5 percent in XX larvae and 51.0 percent in XXY 
larvae. The limits of confidence for the difference of 20 percent between these 
values lie between 11 percent and 30 percent at a 95 percent probability level. 

A further experiment was made in which a second Y chromosome was intro- 
duced into w***~!* /y w females along with the sc*Y. The second Y was the Y: bw*, 
identifiable cytologically by the inserted piece of 2R which forms a loop at the 
chromocenter (GrersH 1956). The results are shown in column 3 of Table 2. 
Failure of pairing in the euchromatic regions was somewhat more frequent than 
in the presence of the sc*Y alone. 

Figure 3 shows the unpaired regions in the 50 nuclei of w***'*/y w/sc*Y/ 
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Y:bw+ larvae that were scored (right) and in 50 nuclei scored at random in 
slides from w***-*/y w larvae (left). Two blacked-in areas on the same horizon- 
tal line indicate that there were two unpaired regions in the same chromosome 
within a single nucleus. There were also nuclei in which parts of two different 
chromosome arms were unpaired. These cannot be identified in the diagram. 
There were two of them in the 50 nuclei from XX larvae, and seven in the 50 
nuclei from XXYY larvae. The latter account for the discrepancy in numbers 
between Table 2, column 3 and Figure 3(b) (see above). 

The table and diagram indicate that all chromosome arms are affected, though 
one cannot, with the small numbers available, state confidently that they are 
equally affected. On the whole, the increase of unpaired regions in the presence 
of two extra Y chromosomes seems to be predominantly in the middle of a chro- 
mosome arm (see especially 2R at region 52 to 53 and 3L at region 68 in Figure 
3), although the unpaired regions do often extend all the way down to the prox- 
imal heterochromatin of the chromocenter. 

Data are being obtained on the pairing of heterochromatic regions which are 
not invariably associated in the chromocenter. Such information can be ob- 
tained from rearrangements with breaks in or close to, the proximal heterochro- 
matin. 

It is of interest to recall that ScHuttz (1944) found that in Drosophila males 
the presence of one or two Y chromosomes progressively affected the shape of 
chromosome ends. The predominant “fan” shape in XO males was largely re- 
placed in XY males by “straight” ends and bulbous nipple-like ends, while in 
XYY males the latter predominated. One might hazard a guess that this is also 
an effect of the Y on pairing, the “nipples” representing closely paired ends and 
the “fans” a lesser degree of pairing or even a failure of pairing at the extreme 
tip. If this were so, the effect of the Y on the ends would be opposite to that dem- 
onstrated here for the mid regions of the chromosome arms. 

It is tempting to extrapolate to the pairing of chromosomes at meiosis and to 
speculate that such changes in pairing might be responsible at least in part for 
the altered crossover values found, for instance in inversion heterozygotes and in 
triploids. There is some evidence (RepFi1ELp 1953, for inversions; BEADLE 1934, 
for triploids) that the Y chromosome may enhance these changes in crossing over. 
Such a hypothesis would, however, require that the Y chromosome should in- 
crease pairing near the centromeres as well as at the chromosome ends; and that 
heterologous inversions and triploids should result in changes in pairing cor- 
responding to the changes in crossover values which have been found. Evidence 
for these requirements is completely lacking as yet, apart from the data of 
ScHu.ttz and HunceErForp (1953) which indicate that in the presence of heterol- 
ogous inversions, pairing of the X chromosomes in the salivary glands is in- 
creased at both ends, but not in the middle of the chromosome. This result is con- 
sistent with the hypothesis outlined above, but it depends on the assumption that 
one can extrapolate from salivary chromosome pairing to meiotic chromosome 
pairing. 
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Ficure 3.—Diagrams showing all unpaired euchromatic regions in the proximal part of X 
(Xp), 2L, 2R, 3L, and 3R in 50 nuclei of XX larvae (left) and XXYY larvae (right). The 
numbers in horizontal rows represent the numbered sections of the chromosomes as given in 
Bripces’ maps (heterochromatic regions are omitted), The numbers to the right denote the 


number of nuclei in which unpaired regions of a given chromosome were found. 
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SUMMARY 


It has been shown (1) that a synapsed region of the salivary gland chromosome 
is not likely to undergo separation in the course of the squash technique; 
(2) that pairing of a part of the X chromosome transposed to the third, and situ- 
ated near the tip of 3R, with the homologous region in the normal X chromosomes, 
is dependent on the freedom of the distal ends of the X chromosomes; 
(3) that an extra Y chromosome increases the frequency of unpaired regions in 
euchromatic parts of chromosome X, 2 and 3. 
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FTER the demonstration (MuLLER 1927) that high energy radiation produces 
mutations, many workers in the field, but by no means all (MULLER 1932, 
1937, 1940), believed that ionizations produced by radiation always acted di- 
rectly upon the genetic material. Fricke, however, postulated that ionizing radi- 
ation produced its chemical and biological, including mutagenic, influences 
through the formation of active oxygen-containing groups (Fricke 1934; Fricke 
and Demerec 1937). It was suggested that an intermediary pathway from agent 
to mutation existed because of the independent demonstrations that (1) iron 
salts increased X-ray mutagenesis in Drosophila spermatozoa much more than 
could be accounted for by increased absorption of radiation (Rapoport 1943) ; 
(2) ultraviolet irradiation of a substrate produced mutations in Staphylococcus 
aureus (STONE, Wyss and Haas 1947); (3) chemical substances produced muta- 
tions in Drosophila (AuERBACH and Rosson 1944; Rapoport 1946) and in plant 
materials (OEHLKERs 1943 and others); (4) oxygen concentration present at the 
time of X-ray treatment of the broad bean greatly influenced the yield of chromo- 
some aberrations (THopay and Reap 1947). 

The oxygen effect on X-ray mutagenesis was rapidly verified in a fair range 
of plant and animal materials and was extended to show that agents producing 
anoxia diminished irradiation damage to the genetic material (THopay and Reap 
1947; Gites and Ritey 1949). The latter two authors (1950) demonstrated that 
for Tradescantia neither the presence nor the absence of oxygen before or after 
X-ray treatment had any influence on the aberration frequency and that appar- 
ently only the oxygen concentration at the time of irradiation had an effect. The 
lack of effect of the pre- and posttreatments may have been due to the shortness 
of their duration. More recently WotFr et al. (Wo.tFF and Atwoop 1954; WoLFF 
and Lurppotp 1955, 1956a, b) demonstrated with Vicia faba that agents which 
are effective in producing anoxia will, applied between irradiations, cause 


1 Contribution No. 660. Submitted in partial fulfillment of the requirements for the Ph.D. 
degree. 

2 The major part of this work was performed while a recipient of the Eigenmann Fellowship 
of the Indiana University Department of Zoology. The work was also supported by a grant to 
Dr. H. J. Mutver and associates from the Atomic Energy Commission (Contract AT (11;1)—195). 

Present address: Department of Biology, Rutgers University, 40 Rector St., Newark, New 
Jersey. 
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chromosome ends resulting from radiation breaks to remain open and able to 
unite with broken ends produced by a second dosage fraction delivered at least 
75 minutes after the first. Under the experimental conditions imposed, they 
showed that without anoxia between the radiations the chromosomes normally 
rejoined in 30 minutes. Furthermore they stated that the direct addition of ATP 
decreased the rejoining time. The conclusion of these investigators was that oxi- 
dative metabolism and ATP are necessary requirements for chromosome re- 
combination. 

This writer believed that Drosophila could be used to test the conclusions of the 
plant workers. Such a study became feasible after it was demonstrated that: 

(1) Viable gross rearrangements occurred when Drosophila oocytes were ir- 
radiated. This was shown after suitable genetic techniques were developed 
(Mutuer and Herskowirz 1954; Herskowirz 1954; ABRAHAMSON, HERSKO- 
witz and Mutter 1956; Kutcnera 1954; Parker 1954). The oocyte work also 
demonstrated that the rearrangements increased at a higher power of the dose 
than one, between the 3/2 and square power. 

(2) Rearrangements could occur at a great enough frequency to be conven- 
iently studied. The rearrangements studied were termed “half-translocations,” 
because when two chromosomes are each singly broken, one of the two eucentric 
rearrangements possible is retained in the egg, and the other, either in a re- 
arranged or still broken condition, passes into the polar body, or at least fails to 
enter the egg nucleus. The half-translocation study involved the X-ray induced 
detachment of an attached-X chromosome and its attachment to a piece of an- 
other chromosome, generally the IV chromosome if no Y chromosome is present. 
ParKER (1954) was able to show that a given type of Y (sc”’- YS of MuLLER) is 
especially effective in this respect. It has long been known that detachments can 
be induced by X-rays in the presence of a Y chromosome, but the resulting re- 
arrangements between the Y and the attached-X had usually been regarded as 
crossovers (MuLLER and Dippe. 1926; Pattie 1934; Neunaus 1936). 

(3) The rearrangement frequency of oocytes unlike that of spermatozoa could 
be altered by the X-ray delivery rate. Herskowitz and ABRAHAMSON (1955, 
1956) found that fewer rearrangements are obtained when the total dose is de- 
livered over a longer period of time at a lower intensity than when delivered over 
a shorter period at a higher intensity. The same result is obtained when the dose 
is administered in several equal fractions separated by a definite time interval 
as compared to the same dose applied without any interval. 

With this groundwork established, experiments were undertaken to investigate 
the effects of oxygen tension in the production of rearrangements. The hypotheses 
to be tested were whether the presence of oxygen during irradiation would act to 
increase chromosome breakage in the oocytes and whether the absence of oxygen 
after a first irradiation fraction would prevent chromosome recombination of all 
kinds before a second irradiation fraction was applied. Some of the present results 
have been referred to earlier (ABRAHAMSON 1956a, b). 
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MATERIAL AND METHODS 
I. Mating procedures 


In all the experiments to be discussed, Drosophila melanogaster females con- 
taining the “snoc”’ attached-X (sc ct" oc car - y In49 sn**) chromosome and a 
modified Y (y+ sc’! - YS) chromosome were employed. These females are pheno- 
typically normal. Before irradiation virgin females, which had taken no more 
than 14 days to eclose, were aged at room temperature and under good nutri- 
tional conditions for at least three and no longer than six days. After X-ray treat- 
ment the flies were mated with males carrying an X chromosome containing the 
y scS' B In49 v combination and a normal Y chromosome. Half-pint culture bot- 
tles were used for the matings and since the P, males have poor viability, larger 
numbers of them than of females were employed to insure insemination of the 
females. There were about 20 females and 40 males per bottle in the nonirradi- 
ated controls, and approximately 50 females and 80 males when treatments of 
2000r X-rays were administered: The parents were usually transferred through 
three broods (30, 36, and 30 hours respectively) and then discarded; in experi- 
ments I and II four 24-hour brooding periods were used. By these brooding pro- 
cedures it was attempted to provide the females with fresh food surface for greater 
egg laying opportunities and also to prevent conditions from being too crowded 
for the developing F, individuals. The F, flies were therefore produced from eggs 
oviposited no longer than four days after treatment. The cultures were kept in a 
constant temperature incubator room for the first ten days of development. 

The F, offspring were counted and examined for detached X half-transloca- 
tions or deletions. The classes of flies regularly expected are wild type daughters 
and scute Bar vermilion sons, whose Y chromosome carries the normal body 
color allele. Exceptional heterozygous Bar-eyed daughters carrying a detached 
X, which are produced by irradiation, represent breakage and rearrangement of 
the attached-X’s with an autosome, an homologous X, or more usually with the 
Y chromosome. 

Exceptional males can likewise be produced. They occur at a much lower 
frequency than do the females because they are more subject to the effects of 
hypo- and hyperploidy. In addition, a lethal mutation (sex-linked) will kill in 
the male but will usually, because of the heterozygosity, exert only a slightly 
detrimental effect in the female. The results while showing the same trend as 
the exceptional females will not be presented because they are less amenable 
to statistical analysis. 

Bar-eyed females produced by paternal nondisjunction and triplo-X females 
simulate, to some extent, the exceptional females scored but are distinguishable. 
They have not been recorded here. 


II. Irradiation procedures 


The irradiations were administered to the parental females at room tempera- 
ture by the use of a G.E. Coolidge tube with tungsten target at 20 ma and 200 
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kvp; a one mm AI filter was employed. The dosage delivery rate was measured 
with a Victoreen dos:meter located inside a lucite chamber of the same type as 
used for irradiating the flies and on the same levels at which the flies were ir- 
radiated. Two methods of delivering the dose were employed in these experi- 
ments: (1) concentrated—the dose was delivered in a short total time; (2) dis- 
persed—the dose was delivered at the same intensity as in (1) but in two equal 
fractions separated by a definite interval. 

The females first were randomly mixed and then placed in gelatin capsules 
having an open end fitted with dacron netting. For irradiation, these capsules 
were placed within either a specially constructed semicylindrical lucite chamber 
with 3/8 inch walls, or a pair of chambers (forming a cylinder), each chamber 
being a separately sealed unit. Thus it was possible simultaneously to expose to 
treatment two groups of flies under different oxygen tensions. Whenever flies 
were treated in oxygen, a simultaneous and corresponding treatment in nitrogen 
was also performed on other flies, except when otherwise specified. The irradi- 
ation procedures involved were: (1) concentrated treatments in air, oxygen, or 
nitrogen; (2) dispersed treatments in air, with air, oxygen, or nitrogen delivered 
between treatments; (3) dispersed treatments in oxygen or nitrogen, with air 
in the interval; and (4) concentrated treatments either preceded by a nitrogen 
exposure or succeeded by nitrogen or oxygen exposures. When the irradiations 
did not take place in air the chambers were sealed with Dow Corning Hi Vacuum 
grease, and gases were continuously flushed through the appropriate chamber 
beginning 2—4 minutes before and continuing to end of the irradiation fraction 
at which time the flies were flushed with air and the position of the chambers 
rotated 180° if a second exposure was to be given. In those cases in which the 
interval (usually about 58 minutes) between the two fractions took place in an 
abnormal atmosphere, each sealed chamber was continuously flushed with its 
respective gas during the interval up to five minutes before the start of the second 
irradiation when a normal air environment was returned. Linde commercial 
cylinders of “hi—purity” oxygen and nitrogen were used. 


RESULTS AND DISCUSSION 


The data presented in the tables were treated statistically by the harmonic 
mean method devised by Mutter (1941). Essentially this method permits a 
comparison between the frequencies of events of a definite kind under two dif- 
ferent conditions. This method takes into consideration the variation expected 
from one experiment to the next, or within successive parts of the same experi- 
ment. In Table 1 the results from concentrated 2000r irradiations in air (lot A), 
requiring two minutes, are compared with the results from dispersed 2000r ir- 
radiations in air (lot B) taking one hour to complete. One can observe from 
inspection of the data that in 14 of the 15 possible comparisons the concentrated 
lot yielded a greater frequency of half-translocations than did the dispersed lot. 
(The exception is marked with an asterisk. ) 
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TABLE 1 


Frequency of half-translocations after approximately 2000r given as indicated 
(Dispersed treatment, lot B, required one hour total time) 











Concentrated irradiation Dispersed irradiation and 
in air (Lot A) interval in air (Lot B)+ 
Total Total Fi99 Total Total Fi 9? 
Fi9?2 Exceptions Frequency Fi92 Exceptions Frequency 
Experiment Intensity Brood nA Pa Pa/na=pa ng Pg Pg/ng—pp 
1 263 11 .042 411 12 .029 
V 1400r/min 2 761 41 .054 1094 33 .030 
3 1561 67 043 2185 52 .024 
1 493 15 .030 537 13 024 
VII 1866r/min 2 1447 44 .030 1683 32 .019 
3 2513 60 .024 3116 43 014 
1 468 17 .036 537 16 .030 
IX 1500r/min 2 1222 58 .048 1269 43 .034 
3 1374 55 .040 1697 36 021 
1 565 13 * 023 954 25 * 026 
X 895r/min 2 1886 58 .031 2552 48 .019 
3 3087 73 .024 2989 46 015 
1 466 22 .047 701 17 .024 
XI 895r/min 2 1087 40 .037 2304 51 .022 
3 1514 37 .024 3081 42 014 





+ Lot B consisted of two 1000r irradiations separated by an interval of approximately 58 minutes. 

* Only exception to findings that rate for lot B is higher than rate for lot A. 

Table 1A shows the statistical treatment of these data. The harmonically 
weighted mean frequency for the concentrated air treatment (pa) is .033+ 
.0012 and for the dispersed treatment (p,), .020+ .0010. There is, as previously 
found, a significant reduction in the half-translocation frequency when the treat- 
ment is dispersed (P < .001). 

Other experiments showed that a 2000r treatment dispersed over one half 
hour did not significantly differ from a concentrated treatment. Once it was 
established that, under the given conditions, some of the broken chromosomes 
will rejoin within an hour but do not appear to do so before one half hour, it be- 
came possible to examine the effects of oxygen concentration on the breakage 
and restitution processes. 

In the present investigation and also in the studies of HeErskowiTz and ABra- 
HAMSON (1955, 1956), the same trends were obtained in all experiments, but 
it was not always possible to obtain, from one experiment to the next, the same 
frequencies of half-translocations for a given dose of X-rays delivered in a sim- 
ilar manner. This has indeed been a vexing and not fully understood problem. 
Every attempt was made to keep conditions unaltered within an experiment. 
Improvements, however, were made in culture conditions in succeeding experi- 
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ments which may account for part of the variation. For example, the manner of 
yeasting was found to affect the population produced in a culture. The influence 
of molds and bacteria cannot readily be assessed. The most difficult of all con- 
ditions to control is that of biological variability. 

Harmonically weighted mean calculations were carried out for every set of 
comparisons discussed. Table 1A serves as a model for all the comparisons de- 
scribed in Table 2. Comparisons could only be performed if both sets of con- 
ditions (i.e., series) were investigated together as part of the same experiment. 
For example, series 6 can only be compared with the series 1 part of Experiment 
II because only these two series comprised Experiment II. A comparison of one 
series with a series from a different experiment is not valid and was never done. 

The weighted average frequency of the treated or control lots of a given series 
depends, in this method, upon which other lots they are being compared with. 


TABLE ia 


Statistical test for Table 1 























4 & B combined Weight of series Weighted values 
- a ne Weighted Weighted Error? of 
frequencies frequencies the (A-B 
tor A for B difference 
PatPp 2nang 
p= ny, 
Experiment Brood na +ng q=1-p ; na+ng ny,PAa n,PB 2n,Pq 
1 23/674 =.034 .966 321 13.48 9.31 21.1 
V 2 74/1855=.040 .960 898 48.49 26.94 69.0 
3 119/3746—.032 .968 1821 78.30 43.70 112.8 
1 28/1030—=.027 .973 514 15.42 12.34 27.0 
VII 2 76/3130—.024 .976 1556 46.48 29.5 72.9 
3 103/5629=—.018 .982 2782 66.77 38.95 98.4 
1 33/1005=.033 .967 500 18.00 15.00 31.9 
IX 2 101/2491=.041 .959 1245 59.76 2.33 97.9 
3 91/3071=.030 .970 1519 60.76 31.90 88.4 
1 38/1519=.025 975 710 16.33 18.46 34.6 
X 2 106/4438—.024 .976 2169 67.24 41.21 101.6 
3 119/6076=.020 .980 3037 72.89 45.56 119.1 
1 39/1107=.035 .965 590 27.73 14.16 39.9 
XI 2 91/3391=.027 .973 1477 54.65 32.49 77.6 
3 79/4595=.017 .983 2030 48.72 28.42 67.9 
Totals 21169 695.22 430.33 1060.1. 
- 695.22 di ct 430.33 Tie Ee a oe: 1060.1 4 
P,=——- = .033+.0012; P,————- = .020+.0010; d=.033—.020=.013; ej=———_ = 
~ 21169 21169 
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One could expect to obtain small differences in frequency according to which 
comparison was made. To illustrate, using data taken from Tables 5 and 8 of 
ABRAHAMSON 1956a, when a concentrated irradiation in air is compared to a 
dispersed irradiation in air with interval in oxygen, the weighted frequency of 
the concentrated treatment is .032. When the same concentrated treatment is 
compared to a dispersed irradiation with interval in nitrogen, the weighted fre- 
quency obtained for the concentrated treatment is .034. 

Obviously it would be too cumbersome to present all the harmonically 
weighted mean frequencies calculated for every comparison of the series de- 
scribed in Table 2. For summary purposes, therefore. a Standard Weighted Fre- 
quency (column 7) and its error will be used for each series. This value was 
always obtained (as was demonstrated in Table 1A) by comparing separately 
each series with the concentrated air series performed as part of the same ex- 
periment. The concentrated air series is designated as the “Control” Frequency 
and is also presented in Table 2 (column 8). For example in series 9 of Table 2 
the values shown for the Standard and “Control” frequency were obtained 
from Table 1A (Pp and Pa respectively). The use of this method furthermore 
permits one to observe the variability of the “Control” frequency from experi- 
ment to experiment and, moreover, it is hoped that this method will make the 
experimental values more meaningful. Column 9 presents the comparison of a 
given series with other series performed as part of the same experiment or 
experiments. 

The results clearly demonstrate that the presence of oxygen at the time of 
X-irradiation produces considerably greater chromosomal damage, measured as 
half-translocations, than does the absence of oxygen (series 2 vs. 3 and series 
7 vs. 8). It can also be observed that above-normal concentrations of oxygen 
increase the half-translocation rates significantly above the rates obtained in air 
(series 2 vs. 1 and series 7 vs. 9). The presence of nitrogen during the irradi- 
ation, on the other hand, results in significantly fewer rearrangements than 
were produced by X-raying in air (series 3 vs. 1 and series 8 vs. 9). 

In an effort to learn whether different oxygen concentrations administered 
before or after the irradiation of the flies would influence the rearrangement fre- 
quency, series 4, 5 and 6 were performed. Examination of the data reveals that 
neither posttreatment with oxygen (series 4) nor pretreatment with nitrogen 
(series 6) produce any significant alteration of the rearrangement frequency 
when compared with the concentrated air treatment (series, 1, “Control’’). The 
postnitrogen treatment (series 5), however, has resulted in a significantly greater 
frequency of rearrangements than was obtained from its corresponding “Con- 
trol” (series 1) or from the postoxygen treatment performed as part of the same 
experiment. (The absolute frequencies of rearrangements of series 5 and 6 do 
not appear to be different, but these studies were performed at different times, 
and as can be observed, the “Control” frequencies (column 8) for these respec- 
tive experiments are markedly different. ) 

At this point it is important to mention that the population densities of the 
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cultures for the prolonged nitrogen treatments (Table 2, series 5, 6, and 11) 
were not the same as for the other treatments described. It was observed that 
many females subjected to the extended nitrogen treatments did not survive the 
four day egg laying period; in some of the experiments, as many as 50 percent 
of the females died. The observed productivity of the P, was found to be a third 
to a fifth as great as its corresponding “Control.” Even when twice as many 
females were initially used per culture in the prolonged nitrogen series as in 
concentrated air series, the former cultures were only about five ninths as pro- 
ductive as the latter (150 F, females per bottle compared to 260 females per 
bottle). 

It is possible that less stringent culture conditions might favor the survival of 
individuals containing half-translocations and thus result in a spurious increase 
of the rearrangement frequency in the nitrogen series. But this factor of un- 
balanced culture conditions could not have played a major role. In the 21 cul- 
tures used in the pre-nitrogen treatment (series 6), one half as many offspring 
were produced as in the irradiated “Control” (12 cultures) and yet there was 
no significant difference in the half-translocation frequency of series 6 and its 
irradiated “Control.” This result would be expected if nitrogen only prevented 
ends from joining and if its influence was very temporary. But if culture con- 
ditions had an effect, i.e., more half-translocations survived in less crowded cul- 
tures, series 6 would have had a higher rearrangement frequency than the irradi- 
ated “Control.” 

It was also possible that nitrogen exposed females had been retarded in egg 
laying so that only the most radiation sensitive eggs were laid. Egg count studies 
with individual females were therefore performed. No discrepancy in oviposition 
rate was found. Each female that survived irradiation and nitrogen exposure 
and was capable of ovipositing laid as many eggs over the four day period as 
those receiving the concentrated air irradiation treatment. 

For the reasons given above, it is inferred that more detachments are in fact 
produced when nitrogen is used as a posttreatment. It may be assumed, that 
postnitrogen treatment, by permitting the broken chromosome ends to remain 
open for almost one hour (in a state probably incapable of joining in either a 
new or old arrangement), leads to increased migration of chromosome pieces 
before their union. In this and other cases to be mentioned one would expect 
rearrangements to be favored over restitutions and correspondingly more domi- 
nant lethals would be formed either through aneuploid or sister union arrange- 
ments. These dominant lethals could account substantially for the lowered pro- 
ductivity in these cultures. 

One may propose, as another alternative, that the posttreatment with nitrogen 
actually causes the production of secondary breaks. 

As was to be expected from the preceding discussion, when the flies were 
maintained in a nitrogen atmosphere during the interval between two X-ray 
dose fractions the rearrangement frequency for this treatment (series 11) was 
significantly larger than when air or oxygen was provided during the interval 
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(series 9 and 10 respectively). It is further noteworthy that the rearrangement 
frequency for this type of nitrogen treatment (series 11) was also significantly 
higher than its corresponding “control,” the concentrated air treatment. There 
is also a suggestion from the comparison of series 11 with series 5 (postnitrogen 
treatment) that the latter treatment is more effective in increasing the rearrange- 
ment frequency. Although not significantly different (P=.09) the increase may 
be a real one and will require further study. It would appear likely that a nitro- 
gen effect exerting its influence first by delayed joining and then either by the 
active production of secondary breaks or passively, by indirectly contributing to 
migration of fragments would be more effective after a concentrated treatment 
than between a dispersed treatment. For in the latter case, unlike the former, 
one half of the treatment, the second half, is not subject to a nitrogen posttreat- 
ment. 


DISCUSSION 


The present study demonstrates for the first time that oxygen concentration 
has an effect on X-ray-induced gross chromosomal rearrangements in the female 
germ cells of Drosophila. It was shown by Liinine (1954) that the oxygen 
concentration at the time of irradiation of Drosophila females plays a major role 
in the amount of egg mortality. Undoubtedly a number of these deaths are 
chromosomal in origin (SoNNENBLICK 1940), but it was not demonstrated that 
the excess deaths occurring with oxygen was genetic. Giass (1955) has shown 
a decided effect of oxygen concentration on lethal mutations induced in Dro- 
sophila oocytes, but he has not shown that structural changes were affected. In 
fact, he has been unable to find an. oxygen effect on small structural changes as 
typified by the class known as Minutes. 

The results of Ferner (1956) obtained by irradiating Tradescantia may be 
of some interest in this connection. This investigator found that irradiating of 
the microspores in two equal fractions separated by 1, 2,3... 10 hours resulted 
in fluctuating rearrangement frequencies. That is to say that the use of 3, 5, 7, 
and 9 hour intervals resulted in rearrangement frequencies that were not sig- 
nificantly greater than a concentrated treatment, and that intervals of 1, 2, 4, 
6, 8, and 10 hours resulted in rearrangement frequencies significantly lower 
than the concentrated treatment. This writer has independently obtained re- 
sults (unpublished) with Drosophila that are suggestive of this cyclic phenom- 
non. Certainly continued experimentation along these lines will be required. 
The possibility then exists that the sensitivity of the chromosomes is altered after 
a first irradiation to an extent depending upon the metabolic pattern of the cell 
in time. Should this be the case it would become difficult to gauge the effect of 
metabolic inhibitors since they could be affecting the chromosome response to 
irradiation indirectly by altering the phase of the metabolic cycle at the time of 
the second irradiation. But in view of the results obtained with the nitrogen post- 
treatment (series 5) and where only a single X-ray dose was administered, it 
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would appear that this phenomenon found by Fetner was not responsible for 
the increased frequency or rearrangements in the present experiments. 

In conclusion, the response of Drosophila oocytes to oxygen tension and irradi- 
ation may be similar in essentials to that of Vicia seeds. As mentioned earlier, 
Wo rr and co-workers found that delay in chromosome joining in Vicia was 
produced after a first irradiation by the application of agents effective in caus- 
ing anoxia. The broken chromosomes produced are thus able to rearrange with 
the chromosomes broken by a second irradiation delivered at least 75 minutes 
after the first irradiation. In both organisms X-ray dosage fractionation and de- 
livery rate influence the frequency of chromosome aberrations. Anoxia at the 
time of irradiation lowers the rearrangement frequency. If present immediately 
after irradiation, anoxia increases the frequency of rearrangements obtained. 
Whether this increase in Drosophila has as its basis the same explanation as 
that in Vicia is still uncertain. At any rate, a difference between Drosophila and 
Vicia lies in the failure of the latter to show significantly increased aberrations 
after a nitrogen posttreatment although the Vicia data does show a tendency 
in this direction. 


SUMMARY 


Through the use of X-ray dosage fractionation methods, it became possible 
for the first time to demonstrate in Drosophila oocytes effects of oxygen concen- 
tration on induced gross chromosomal rearrangements (half-translocations) and 
to test separately the effect of different oxygen concentrations applied before, 
during, or after irradiation. The following results were obtained. 


(a) Oxygen present at the time of irradiation results in a significantly greater 
frequency of half-translocations than produced in air. 


(b) Anoxia (nitrogen) at the time of irradiation results in a drastic reduction 
in the frequency of half-translocations as compared with air. 


(c) Oxygen between irradiations is not as effective as air in reducing the half- 
translocation frequency. 


(d) Anoxia between the two X-ray fractions increases half-translocation fre- 
quency. Although a part of this effect may be by the prohibition of joining of 
broken ends it seems to be greater than can be expected simply on the basis of 
this passive role. 


(e) Postoxygen treatment had no detected effect but postnitrogen exposure 
significantly increased the rearrangement frequency. 
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URING the past several years a large number of new chromosome types in- 
D volving the X and Y chromosomes of Drosophila melanogaster have been 
constructed. One group, known as the compound X chromosomes, has been de- 
scribed in detail (Novirsk1 1954). Another group, known as the attached XY 
chromosomes, contain attached to a single centromere (usually derived from 
the Y) all the material in the X and the Y chromosomes necessary for male 
viability and fertility. These chromosomes are extremely useful in manipulat- 
ing the Y chromosome coinplement of both males and females. Emphasis will 
be placed in this discussion on the mode of origin of these new chromosomes and 
the wide variety of uses to which they have put in genetic experiments. 


Construction of attached XY chromosomes 


Inversion(1)EN: The X chromosome from which many attached XY’s were 
ultimately derived is known as /n(17)EN (Novitsx1 1949). This chromosome was 
found to be the free X present in a stock that was alleged to carry X°'. This de- 
rivative of X** is considered to be a spontaneous opening out of the ring chromo- 
some. It was first detected in an experiment involving parental females hetero- 
zygous for a normal chromosome and a chromosome derived from the X“ 
stock and thought to be X°’. Their progeny included a number of double cross- 
overs, but the double crossovers were represented with equal frequency by both 
the normal sequence and the supposed ring instead of in the 3:1 ratio that is to 
be expected from a ring rod heterozygote (see Novirsk1 1952). Subsequent ex- 
periments in which this chromosome was present in combination with a scute 
inversion in a heterozygous female showed that single crossovers survived; that 
is, both this new chromosome and /n(7/ )sc* are in the same sequence. Cytologi- 
cal examination showed that the chromosome in fact is not a ring but is J-shaped 
with one arm somewhat longer than a normal X and the other a shorter hetero- 
chromatic arm. This chromosome is designated Jn(1)EN, the last two letters 
standing for “entire.” The prophase cytology of this chromosome has been de- 
scribed by Linpstey (1958). It is not known what steps led to the formation of 
this particular chromosome. It should be noted, however, that the original ring 
chromosome was carried in an attached-X stock so that in all probability 
In(1)EN arose in a male, although it has not been possible to demonstrate any 
factors derived from the Y chromosome in /n(1)EN. It carries a mutant allele 
of bobbed both distally and proximally (probably on the short arm), which 


1 Operated by Union Carbide Nuclear Company for the United States Atomic Energy Com- 
mission. 
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when acting together produce a normal phenotype (Novirskr 1949; LinpsLey 
1958). It seems quite likely that both bb loci could have been derived from the 
original ring X. It should be further pointed out that stocks now labeled as X“" 
in a number of genetics laboratories probably were originally derived from this 
mislabeled stock in Pasadena and consequently are not X°' but instead carry 
In(1)EN. 

In addition to its usefulness in the construction of attached XY chromosomes, 
In(1)EN has proved useful in several other ways. n(1 )sc*“,EN®, a combination 
of the left end of Jn(1)sc* and the right end of In(7)EN, has been used to facili- 
tate the recovery of spermatogonial recombinants between the distal hetero- 
chromatin of Jn(71)sc* and the Y chromosome or other heterochromatin in the 
complement. /n(1)EN* is useful in this connection because the terminal de- 
ficiency for y+ and ac+ produced by such an exchange is covered by the dupli- 
cation for these loci, which is carried proximally by In(1)EN (see LinpsLey 
1955, 1958). Also In(1)sc*“,EN® chromosomes have become attached (Linps- 
LEY 1950) to form attached-X chromosomes with inverted sequence. Subse- 
quent detachment has yielded an array of inverted X chromosomes with varied 
proximal heterochromatic constitution that have been used in studies of cen- 
tromere strength (Novirsk1 1951). 

Before the discussion of attached XY chromosomes is continued, some conven- 
tion should be adopted for the designation of combinations of X and Y. For a 
complete characterization of such a chromosome, we should like to know (a) the 
elements (i.e., X, YS, and Y") present, their order, and the relative position of 
the centromere; (b) the sequence of the X element; and (c) the markers present 
and their order. We propose that the complete designation give this information 
in the order presented, that an abbreviated designation be that portion of com- 
plete description required by the context, and that the designation XY be used 
when no other information is necessary. The XY described in the following sec- 
tion would be fully designated as Y8X-°Y", In(1)EN, Ks y-Ki y+, where the 
centerpoint denotes the position of the centromere and Kx and K, correspond to 
K, and K, of Stern (1929) and are the collective fertility factors of Y and YS 
respectively. Abbreviated designations could be, for example, YSX:Y", YS/n(1) 
EN-Y", or Ks y-K,, y+. One further convention is the inclusion within parentheses 
of any elements whose relative position is unknown; e.g., the case of X(-Y")4 
used by the authors (LinpsLey and Novitsk1 1958) in their studies of centro- 
mere strength. 

Y*X-Y*", In(1)EN: The first use to which Jn(7)EN was put was the construc- 
tion of an attached XY chromosome (LinpsLey and Novitsk1 1950). This 
chromosome was constructed by the following steps: 

Among the heterochromatic recombinants recovered from Jn(/)sc*“,EN® 
males were several in which the terminal y+ ac+ segment derived from /n(1 )sc* 
was replaced by part of YS to yield an EN inversion with the fertility factors of 
YS carried terminally. Males carrying this recombinant and sc*-Y (MULLER 
1948) were crossed to females of constitution y/Y” (Y”=YS8-YS; Stern 1929). 
All regular sons from such a cross are sterile (YSX-/Y”), but exceptional sons 
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arising from nondisjunction in the male are fertile (YSX-/sc*- Y/Y”), as would 
be any recombinant in which Y' had been attached proximally to the YSX- 
chromosome (YSX-Y"/Y”). Since Y' from sc*-Y carries the normal allele of 
yellow, both types of fertile males should by y+ in phenotype. The initial matings 
were made en masse, and after a suitable period of oviposition, all parents were 
removed from the cultures. The progenies from these cultures were transferred to 
fresh medium without examination. Larvae appeared in but four of a large num- 
ber of bottles; each of these bottles contained one y+ male. The four y+ males 
were mated individually to y? su-w*w*bb/0 females; three of them produced 
both y and y+ sons and daughters, indicating that y+ and, inferentially, Y* 
were not linked to the X, but the fourth produced only y+ sons and y* daughters. 
Furthermore, the male descendants of the fourth male were repeatedly back- 
crossed to XX/0 females and were consistently fertile. The events proposed to 
account for the origin of this chromosome are diagrammed in Figure 1. Cyto- 
logically, this chromosome appears to have one arm of about the same length as 
one of the large autosomes and one arm about one third as long. Homozygous 
XY females are somewhat less viable than heterozygotes, or homozygous normal 
females. 

Very soon after the origin of Ks y-K,, y+, a derivative that had lost the normal 
allele of yellow was recovered. It is not known whether this loss was the result of 
deletion or mutation. Of course it has also been possible to insert many combi- 
nations of markers into the XY chromosome by double exchange with a normal 
sequence. It was also surprisingly simple to insert Jn(7)dl-49 accompanied by 
markers, v, f, and car by double exchange with /ns(1 )sc*,dl—49, car f v sc’. 

The attached XY chromosomes are ordinarily maintained as the single sex 
chromosome of the males in a stock in which the females carry an attached X 
but no Y chromosome. The attached-X chromosome usually carries the recessive 
alleles of y and bb, making it simple to detect the presence of absence of a free 
Y or sc*-Y chromosome. Occasionally, YSX-Y' chromosomes break down and 
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Ficure 1.—The events postulated to account for the origin of YSX-Y", In(1)EN. It is not 


known whether the exchange in step B took place between YS and the base of the long arm of 
In(1)EN as figured, or between Y" and ENS. 
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produce free heterochromatic elements; this can be recognized by the appearance 
of bb+ females and, in those cases in which the XY has the normal allele of 
yellow on the end of Y", by the appearance of y+ females in the stock. Tests of 
the y+ element from these y+ females reveal that in many instances it is a com- 
plete Y chromosome and in others it is an incomplete Y, presumably lacking Y°. 
Attachment of two XY chromatids occasionally results in the production of 
attached X-bearing daughters by XY-bearing males. The origin of the XY 
derivatives described is diagrammed in Figure 2. 

It has also been possible to link chromosome 4 with the XY chromosome to 
produce an attached XY4. This was done by recovering y sons from Y°X-Y', 
In(1)EN, Ks y-K, y+/In(1 )dl-49, y w Iz females that had been irradiated with 
3600r and crossed with M-5 males. Many of these cases of loss of y+ from the 
XY were accompanied by the simultaneous loss of at least some of the fertility 
factors of Y* and acquisition of the normal alleles of ci and ey from chromosome 








Ficure 2.—Methods of spontaneous alteration of YSX- Y". 
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4. There was one case in which all the fertility factors of both arms of the Y had 
been retained and the fourth chromosome loci also acquired (LinpsLEY and 
Novitsk1 1953). 

Because the XY chromosome was derived from In(1)EN, it is, of course, in 
inverted sequence. An XY chromosome whose X component is in normal se- 
quence was derived by irradiating the XY chromosome described and screening 
for cases in which the euchromatic segment had become involved in a long in- 
version (Novirsk1 1951). One such case, which was labelled Jn(1)24 appears to 
be an almost complete reinversion since it crosses over freely with a normal 
sequence. The recombinant class with the left end of a normal chromosome and 
the right end of Jn (7 )24 is inviable in the male, however, indicating that some 
normally proximal genes, located distally in the irradiated XY, were not shifted 
back to their normal position by the second inversion. Replacement of the de- 
ficient proximal region with one derived from an X-Y" detachment of an at- 
tached-X (A-2) has produced a reinverted XY [In(1)24",A-2"] with a full com- 
plement of proximal euchromatic markers carried proximally; however, a small 
duplication for the most proximal euchromatic regions is carried distally. An- 
other useful derivative from irradiated YSX-Y", In(1)EN is In(1)26, which has 
one break in polytene chromosome section 10A and another in the heterochro- 
matin. This second inversion, which partially overlaps /n(1)EN, is effective in 
eliminating recombination between the XY chromosome [ Y®X- Y",J/ns(1)EN,26] 
and both a normal sequence and /n(7 )sc* (Novirsk1 1951). 

Fragment 1: Fragment 1 was originally thought to be the product of the rup- 
ture of a bridge formed by a single exchange between YSX- Y", In(1)EN and a 
normal sequence as diagrammed by Novitsk1 (1952). Since that time, however, 
Braver (1955) has demonstrated that FR 1 carries the fertility factors of the 
short arm of the Y chromosome distally and is consequently YSX-, in which the 
X chromosome is in normal sequence. This chromosome, as it arose, was marked 
with y, cv, v, and f, and it has proved extremely useful in constructing XY 
chromosomes in which the X chromosome component is in normal sequence. 
This was accomplished by replacing the centric region of Y*X- with that derived 
from X-Y" detachments of attached X chromosomes. 

A possible pair of events to account for the origin of FR 1 is diagrammed in 
Figure 3. The expected low frequency of the events postulated in this case cannot 
be used as an argument against this particular set, since the experiment from 
which it was recovered was designed to screen for very rare events, and this 
instance was one of two such rare events out of a total of 20,000 flies examined. 

XY*-YS and XY8-Y"; Parker has recovered, from a large number of induced 
detachments derived from y* su-w* w* bb/sc*-Y females, X chromosomes that 
have essentially an intact Y chromosome proximally; we are indebted to him for 
permission to include these cases in this discussion. These XY’s are of two types: 
y® and presumably XY": YS (Parker 1954), and y+ and presumably XYS°- Y* 
(Parker and McCrone 1958). The mode of origin of these chromosomes is dia- 
grammed in Figure 4. Two cases of formation of attached X chromosomes from 
XY"-YS5 have been obtained, one of which has proved to be XY"-X and the other 
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Ficure 3.—Events postulated to account for origin of YSX- = FR 1. 


is XY"-Y'X (Linpstey, unpublished). These reattachments have been rede- 
tached with small free heterochromatic duplications derived from an irradiated 
normal X chromosome to produce XY"-. The single recombinant between this 
chromosome and YS§X-: (i.e., YSXY"-) shows an extremely reduced transmission, 
as do recombinants of constitution YSXY"-Y' and YSXY*-YS. These redetach- 
ments have also been used (LinpsLey and Novitsk1 1958) to determine that the 
differences measured by centromere strength tests between centromeres of dif- 
ferent origins are a property not of the centromere as a point organelle on the 
chromosome but of the heterochromatic regions adjacent to the centromere. 


Uses of attached XY chromosomes 


The greatest value of the XY chromosomes lies in their usefulness in manipu- 
lating the heterochromatic constitution, especially with reference to the Y 
chromosome. They have found many uses in balancing, in studies of chromosome 
behavior, and in physiological genetic studies. The XY was originally synthesized 
to enable LinpsLey (1955) to recover and maintain in males partial Y chromo- 
somes derived through exchange between /n(7 )sc* and the Y, and it is currently 
being used by G. E. Brosseau (unpublished) as a balancer for sterile Y chromo- 
somes in a program to determine the number and extent of regions involved in 
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Figure 4.—Mode of origin of XY"-YS and XYS-Y" as derived by Parker. 
the fertility factors of the Y chromosome. It has also proved very useful in re- 
covering and carrying free X chromosome duplications. In all the preceding situ- 
ations, selection is required to maintain the desired element if the rate of pri- 
mary nondisjunction is high; methods of obviating this inconvenience are 
discussed in a later section. An XY chromosome is commonly used, in stocks that 
carry a compound X chromosome, to eliminate the free Y chromosome and 
thereby vastly decrease the frequency with which the compound X chromosome 
detaches, since exchange with a free Y chromosome is the primary cause of de- 
tachment of compound X’s. Furthermore, the viability of some compound X’s is 
reduced by the presence of a Y; consequently, a stock that lacks a free Y chromo- 
some is advantageous. 

The XY chromosome has been used by SANDLER and Braver (1954) in studies 
of the meiotic behavior of univalent chromosomes in Drosophila; they showed 
that YSX-Y" in the absence of a pairing partner is lost during meiosis with a 
relative frequency of 0.15 and this loss is eliminated by the addition of a free Y 
to the complement. Furthermore XY chromosomes have been used by LinpsLEy 
and SANDLER (1958) to study the primary nondisjunction of heterochromatic 
X chromosome duplications. They found that, in combination with these dupli- 
cations, the recovery of the XY chromosome could be drastically reduced. Lrnp- 
sLey and C, W. Epincron (unpublished) are using XY chromosome stocks to 
enable them to measure the relative sensitivity to X-rays of XY, Y, and nullo X, 
nullo Y sperm. XY/0 males can be used to synthesize attached-X females with- 
out Y chromosomes where such a condition is a prerequisite to a further step, such 
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as the detachment of the attached-X chromosomes by the fourth chromosome, an 
event that rarely occurs unless the competitive Y chromosome is removed (Par- 
KER 1954; MuLuer and HerskowiTz 1954). Also, Herskow1Tz and MuLLER 
(1954) used an XY stock in experiments that failed to substantiate the notion 
that the chromosomes are arranged in an end-to-end linear order in the sperm 
head. They checked for a bimodal distribution of sperm head length in males 
carrying a sperm population made up of XY-bearing sperm and nullo X, nullo Y 
sperm, but found a normal distribution. 

XY stocks have been useful in physiological studies where it was desirable to 
check the effect of increased or decreased heterochromatin on a phenomenon 
under investigation. Cooper (1956) used YSX-Y" in a study of the effects of Y 
chromosome hyperploidy on the variegation of self-colored eyes and on male 
fertility and found that the portion of the Y carried on Y*X-Y" is less effective 
than a complete Y either in promoting variegation or in reducing male fertility. 
Baker and Sporrorp (1957) used an XY to study the effect of Y fragments and 
no Y on the expression of white variegated position effects. BuRDETTE (1954) used 
this chromosome to alter the amounts of heterochromatin in individuals in a 
study of the effects of altered heterochromatic constitutions on the frequency of 
induction of tumors in certain tumor susceptible lines. PATTERSON et al. (1954) 
used an XY chromosome to show that, in contrast to the oocyte where an extra 
Y increases the amount of 2537 A-absorbing material, the pentose nucleic acid 
and deoxyribonucleic acid content of salivary gland cells is the same for indi- 
viduals of constitution XY, XO, XXY, and XX. Also Gay (see KAUFMANN et al. 
1957) has used an attached XY stock to extend this observation in electron micro- 
scope studies of salivary gland cells, She finds that alteration of the Y chromo- 
some content of these cells has no detectable effect on structures thought to be 
associated with RNA. 


XY chromosomes for special purposes 


XY"-Y%, y 1(1)259 K,-Ks: Lethal 259 is a recessive lethal very closely linked 
to yellow [it has not been tested for allelism with /(7)J-1]. This lethal has been 
put onto the end of XY"-YS by exchange and the resulting recombinant requires 
a duplication for the y region for survival [/(7)259 has been used in preference 
to 1(1)J-1 because it carries a mutant allele of y]. This chromosome is used for 
balancing elements duplicated for the tip of the X that would otherwise have to 
be maintained by arduous selection in each generation. Such elements may 
equally well be balanced to another chromosome type that has been constructed. 
This is a reversed acrocentric compound X chromosome in which the proximal 
chromosome is deficient for the terminal region of the X including the normal 
allele of /(7)J-1, and the distal chromosome carries /(7)J-1. It was derived as a 
single crossover product between the distal uninverted chromosome of a reversed 
acrocentric, which carried Jn(7/ )sc* proximally, and a free X carrying /(1 )J-7 in 
a triploid female. Both these chromosomes may be used simultaneously in balanc- 
ing duplications to assure the presence of the duplication in all viable males and 
females. An advantage of this line is that there will be automatic selection against 
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any free Y chromosome that does not carry the tip of the X that may persist in 
the stock. Such Y chromosomes would cause nondisjunction of the X from the 
duplication and would lead to the production of lethal zygotic types that carry 
the Y but not the duplication. This selective inviability should lead to the elimi- 
nation of the free Y from the stock, which is generally desirable since a free Y 
interferes with many of the tests that are commonly made with such duplications. 

Y*X-Y", In(1) EN, y+ Ks y-Ky y+: This XY chromosome in which both term- 
ini are marked with y+ was recovered as a detachment of a reversed acrocentric 
compound X chromosome. The proximal element of the compound X was de- 
rived from a YSX-Y" that had Y" marked with a normal allele of y, and was 
consequently XX- Y" y+. This chromosome was detached with sc*- Y: bw+, which 
according to BAKER (1955) is probably y+ Ks bw+ K;,, in constitution. The fact 
that a fertile detachment that could be shown to carry y+ distally as well as prox- 
imally by recombination was recovered confirms BaKEr’s contention that y+ is 
carried on YS in sc*-Y:bw+. This XY chromosome was constructed specifically 
for the subsequent synthesis of a closed XY chromosome (LinpsLey and Eprne- 
TON 1957). Simultaneous loss of both y+ alleles from this compound, i.e., an ap- 
parent double terminal deficiency, would be strong presumptive evidence for ring 
formation; however, it has not yet been possible to induce loss of both y+ alleles 
without also deleting some of the Y chromosome fertility factors. 

YSXX-Y*; This is a reversed compound acrocentric compound carrying two X 
chromosomes and a Y chromosome attached to a single centromere. It was con- 
structed by replacing the centromere region of a reversed acrocentric with one 
derived from YSX: Y',Jn(1)EN and replacing the tip with that of YSX- (i.e., FR 
1). This was accomplished by exchange in triploid females. Such a chromosome 
has an X in normal sequence attached terminally to an X in inverted sequence 
and has the long arm of the Y attached proximally and the short arm of the Y 
attached distally. This chromosome has been used in an unsuccessful attempt to 
recover fertile tetraploid males. 


SUMMARY 


This paper is primarily a discussion of the origin and utility of attached XY 
chromosomes; i.e., chromosomes that have attached to a single centromere all of 
the material of X and Y chromosomes necessary for male fertility and viability. 
Chromosomes are described that have the entire euchromatic portion of the X 
chromosome, singly inverted, multiply inverted or in normal sequence, essen- 
tially inserted into a normal Y between the fertility factors of YS and the centro- 
mere. The evidence suggests that some Y chromosome material is missing from 
these XY chromosomes. The counterparts of these chromosomes with the X 
chromosome inserted into the long arm of the Y do not yet exist. Also described 
are compounds produced by Parker in which at least the euchromatic portion of 
the X is appended to the long or short arm of the Y chromosome distal to the ap- 
propriate fertility factors. Finally, rod shaped XY chromosomes are mentioned 
that are YSXY"- in constitution. 
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Pers factors located on a chromosome form a gene block (linkage block) 
which tends to be transmitted as a unit in inheritance. The extent to which 
these gene blocks are broken and to which genetic recombination occurs between 
these factors within a gene block is of critical interest to the plant breeder since 
the success of his breeding program depends upon obtaining desirable genetic 
recombinations. Information on the extent to which gene blocks are broken in a 
breeding system is extremely limited. FisHer (1949) and Bart ett et al. (1935) 
have presented formulas for estimating the lengths of segments which are still 
heterozygous following selected breeding procedures. The objective of this paper 
is to develop the probability distributions for the lengths of undisturbed gene 
blocks or chromosome segments in the gametes of an F, individual. The genetic 
blocks are considered intact with reference to either of the two original parental 
chromosomes. 


Genetic map scale 


Existing evidence indicates that crossing over (genetic recombination) in 
diploid organisms occurs in the chromatid (four strand) stage and that crossing 
over involves only nonsister chromatids. The six assumptions listed by LinpeE- 
GREN et al. (1957) are essential for the correlation of the linkage metric with 
cytogenetic information but are not essential for linkage measurement. To define 
a linkage measure, one needs only to assume that chromatids resulting from a 
genetic exchange between two chromatids are produced by a meiotic division 
since the recombination value, and hence the metrics for linkage, is measured in 
terms of the frequency of chromatid types produced by the system. The recombi- 
nation value p between two loci can be defined as the probability of obtaining a 
chromatid carrying a genetic recombination between two loci. The definition of 
the genetic map scale taken with reference to the recombination metric involves 
the distribution of chromatid types. This distribution is a function of the average 
chromosome interference for a chromosome. A segment analysis requires an ad- 
ditional assumption for a distribution of breaks within a chromatid. The assump- 
tions made for the development of the distributions of gene block lengths together 
with the ramifications of these assumptions will be discussed in detail. 


1 Part of the printing costs of the accompanying figures and formulae has been paid by the 
Gatton and Menpet Memoriat Funp. 
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While linkage measurements are made in terms of p, the genetic map length 
must be measured on a true genetic map scale (y), which can be explicitly de- 
fined. Consider a true genetic map length s, and divide this length into n seg- 
ments. Then 

n 
+ SP, 
where pj is the recombination measure for the 7th increment. The value of p; can 
be expressed in terms of the probability (p’;) of identifying crossovers only in 
the ith increment, of the probability (p’;;) of identifying crossovers only in the 
ith and jth increments, etc. Making this substitution and collecting terms one 
obtains: 
mn n a 
s> =p ,+2 2p’ +f. 3, p ee vat 
n 
Sa SE. 
rt=1 z 

where P’, is the probability of observing x crossovers within a segment of length 
s for a selected set of n increments. Thus, one obtains in the limit the equality, 


io2] 
s= = xP =E[z], 


where P, represents the true probability of obtaining z crossovers within a seg- 
ment of length s. The distribution of z is unknown for a selected segment and 
depends upon an assumption for an average chromosome interference for the 
segment. Chromosome interference is the tendency of breaks occurring in ad- 
jacent regions to occur less frequently than that expected if the occurrence of 
breaks is independent in a statistical sense. Measurements taken with reference 
to the true genetic map scale represent the expected number of breaks per segment 
length (FisHEer 1948). Thus, for any selected chromosome length, the assumption 
made for interference affects the distribution of x with the restrictions, s=E[ x]. 

The genetic map distance measured on the recombination scale (p) denotes 
a probability concept, while the measurements taken with respect to the y scale 
do not. Distance along the y scale is defined in terms of the average number of 
breaks occurring within a segment of length s. A distance of .20, for example, on 
the y scale would infer that in 100 gametes one would expect to find 20 breaks 
to have occurred within the segment. This does not infer that the probability of 
obtaining a break in any one gamete is .20 since this probability statement re- 
quires a probability distribution for x which would be defined by some discrete 
function. 

The true genetic map scale (y) represents the ideal metric scale since the 
measurements taken within a chromosome are additive and units of measure- 
ment between chromosomes are comparable. Distances on the y scale are 
measured on a scale of equal density with respect to genetic recombination. 
Ramifications for the correlation of the linkage measurements and cytogenetic 
information will not be considered in this paper. Measurements on the physical 
length of the chromosome cannot be used in a segment analysis since discrepan- 
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cies exist between physical length and genetic map distance between chromo- 
somes of different species and between non-homologous chromosomes of the 
same species. 

Considerable reference has been made in the literature, FisHer et al. (1947), 
Kosams1 (1944), Owen (1950) and others, to a mapping function of p on y 
such that a recombination measurement (p) can be converted to the true genetic 
map scale, This mapping function can be defined if one assumes that crossovers 
are independent in a statistical sense. However, crossovers do not occur inde- 
pendently. Unfortunately, the lack of independence cannot be defined in a strict 
mathematical sense. The degree of chromosome interference differs from chromo- 
some arm to chromosome arm and from chromosome to chromosome. Any 
relationship which one might derive to include interference can at best be 
approximate. 


Distribution of lengths of gene blocks 


Let us consider next the derivation of the distribution for gene block lengths 
(c) generated in any meiotic division within a chromosome of length s. The seg- 
ment lengths represent the genetic block lengths between two consecutive loci at 
which recombination had occurred. A chromosome resulting from a meiotic 
division can be characterized by having exactly x breaks or points of genetic 
recombination. Consider the partition of the array of chromosomes into sets, 
A,, based on the number of points of genetic recombination, 0, 1,...,2,..., 
which had occurred within a chromosome. A denumerable number of sets have 
been defined which are disjoint since the intersection of any two sets is empty. 
A, represents an infinite set of chromosomes containing exactly x breaks, and 
any chromosome resulting from a meiotic division is an element of the union of 


sets, UA,. Each chromosome of the set will contain (x + 1) segments identified by 


x=0 
the sequence 0 to yi, vy: to y2,..., and y, to s, where y; represents the locus of 
a break. Identify these segments with the subsets, A;,,Az.,..., Arr...» 5 Te- 


spectively, where 1<r<(x-+ 1). For example, A,, is an infinite subset contain- 
ing all possible segments generated between the first and second breaks of the 
chromosomes containing x breaks. Thus, (x + 1) disjoint subsets have been gen- 
erated for each A,. The defined partition has utility since the probability that 
any randomly selected chromosome will occur in set A; is P, while the proba- 
bility that any segment of a chromosome in set A, will occur in subset A;, is 

1 
s+ 

The subsets as defined are disjoint, and a segment can occur in only one sub- 
set. However, it should be equally apparent that the existence of subset A,, implies 
the existence of the remaining x subsets of A, since a pattern of x breaks within a 
chromosome generates (x + 1) segments of total length s. This peculiarity of set 
structure will not complicate the solution since we are interesied in describing the 
distribution which characterizes the length of any one segment per chromosome. 
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1 
z+ 1 
Consider next a segment Z with a length Z(w) randomly selected from sub- 
set A,,. The probability that Z() will be less than or equal to c is Pr[Z(w) <c: 
weA,, |. The cumulative distribution for c becomes: 


The probability that a segment () is an element of A , weA ,is if [ 


]. 





F(c)= =P [ 


z=0 r+1 





> [Pr(Z(w) <e: A )]. (i) 


Let us first assume that the occurrence of a crossover is independent in a sta- 
tistical sense. Since only a limited number of breaks from an infinite number of 
possible breaks will occur for any chromosome, the distribution of z will follow 
the Poisson distribution, and 


Sh aimee, (ii) 


x! 





since E[ x] =s for a chromosome of length s. 

The solution for the cumulative distribution, F(c), requires the probability 
that the length of a randomly selected segment is less than or equal to c, given a 
subset A,,, or in terms of the loci of the x breaks per chromosome, Pr[y,—yr-..] <c, 
where 0<y,<...<y¥-.<y-< ...<ye<s. Since the density distribution of a 7; is 
uniform and the assumption of independence is made, the solution can be ob- 
tained by the proper identification of the region for integration in the integral: 


1 
Pr[Z() <c : weAz, | ee | /" fv: 5 + 


For any chromosome class, A;, the probability that the random variable is less 
than or equal to c in length is identical for each of the (x + 1) subsets (A;,) and 
is equal to: 

1—te—e)/2. (iii) 
From (i) and (iii) one obtains: 


F(c)=,3, Pel1—(s—c)*/s"] 


=1- S P,(s—c)*/s*, 0<c<s, (iv) 
Pr[{Z() =s] =P,. 


With the assumption of independence, P, can be obtained from (ii), and F(c) 
reduces to: 


F(c)=1-e~, 0<c<s, (v) 
Pr[Z(w)=s|]=e*. 
If one considers the segment lengths expressed as a proportion of the chromo- 
some, t=c/s, then: 


F(t)=1— 3 P.(1 —t)*=1-e"t, O<c<s, (vi) 
Pr[{Z() =1.0) =e". 
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F(c) represents the probability that a segment per chromosome is less than or 
equal to c in length. Hence, the average segment length per chromosome is: 
E{c]= i cdF (c) + s[Po], (vii) 
=[1-—e*], 
noting that F(c) is discontinuous at c=s. Formula (iii) represents F(c) for a 
given set A,, and E[c]=s/(z + 1) for the class of chromosomes, A,. This result 
would also follow from the fact that a pattern of x recombinations divides the 
chromosome into (x + 1) segments. Thus, with the assumption of independence, 
E(c] can be calculated from formula (vii). In general, 
s 


iF (viii) 
+t 
where the assumption made for interference will involve P, only. 


The average segment length per chromosome for selected chromosome map 
lengths and for the assumption of independence can be summarized: 


E{c] - 5, Pel 





Length of chromosome (s ) 








5 7 1.0 2.0 3.0 
E{c] 393 503 632 865 950 
E[—] 786 719 632 432 317 


Pr[Z(o)=s] 606 497 368 135 050 





The striking aspect of these expected lengths is that for relatively short chromo- 
somes the chromosome is essentially inherited as a unit. Even with the longer 
chromosomes the undisturbed gene blocks following a meiotic division are of con- 
siderable size. In fact, they are discouragingly large when considering a plant 
breeding program in which crosses are made between two desirable genetic types 
with the objective of recombining the desirable genes from each source. 
The cumulative distribution for c has been plotted in Figure 1 for selected 
alues of the chromosome length (s). The length of the segment has been plotted 
on the scale t=c/s. A point of discontinuity exists for the probability distribu- 
tion at the point, c=s. 


Effects of interference 


LINDEGREN et al. (1939, 1942) have presented data from Neurospora which 
indicate the presence of chromatid interference and both positive and negative 
chromosome interference, depending upon the relative positions of the segments 
considered. The limitations, however, imposed by the assumption of independ- 
ence are not as critical as might be expected. This is due in part to the restrictions 
imposed in relating a segment length to the true genetic map scale and to the 
small frequencies of chromatids carrying the higher number of exchanges as 
compared to the 0 and 1 classes. Unfortunately, the degree of interference be- 
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Figure 1.—Cumulative distributions for the proportionate segment length per chromosome 
transmitted intact through a meiotic division for selected chromosome lengths (s) and for the 
assumption of independence. 


tween two breaks occurring at some distance (c) apart on the chromosome is not 
a consistent feature if the measurement is taken at different regions of the 
chromosome but depends upon the heterochromatic regions in the chromosome 
arm and upon the position of the breaks relative to the centromere. This means 
that if a chromosome of length s were divided into i segments, 2c; may or may 
not equal s. However, if all possible partitions were considered, the average sum 
would be s. For a segment analysis one must assume some average degree of in- 
terference for a chromosome. 

Chromosome interference will not affect appreciably the expected value of c. 
The expected value for c for a selected x is s/ (xz + 1) regardless of the distribution 
of breaks within the chromosome (formula viii). The value of P, is affected by 
the assumption made for interference. With independence P, is defined by the 
Poisson distribution. Interference would tend to restrict the occurrence for the 
larger values of x (P’,) such that P,>P’, for some values of x larger than E[ x]. 
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However, P,>P’, for some values of x less than E[z].This follows from the restric- 


tions, s= = xP, and 2 Ps= 1. Thus, the expected value of c will not be affected 


=o von 
appreciably by the assumption made for interference. 

Compensating features are found if one examines the distribution functions 
for c. Levels of nonindependence would exist for selected values of x and the 
probability distributions for c within the A,, sets for the selected x would be dif- 
ferent. Although the probability that Z(#) <c should be decreased for sets gen- 
erated from internal segments, the decrease in probability must be associated 
with an increase in probability that Z() <c in the sets arising from the terminal 
segments since the lengths of segments generated by the occurrence of x breaks 
within a chromosome must add to s. The distribution for c can be appreciably 
affected by the failure to properly identify the frequency distribution for z (P,). 

Thus, the critical feature in the segment analysis appears to be the proper 
identification of the frequency distribution for x. With the assumption of inde- 
pendence the frequencies with which entire chromatids are transmitted through 
a meiotic process and with which chromatids carrying the larger number of 
breaks result from a meiotic division are overestimated. An approximate adjust- 
ment for interference could be made by estimating a modification for the distri- 
bution of x based on experimental data. 


Application of segment analysis to genetic data 


Sources of linkage data involving multiple point backcross and being of suf- 
ficient detail to be used in a segment analysis are limited in the literature. Two 
sources of data from Drosophila were analyzed, one source involving seven point 
linkage data for the X chromosome (ANDERSON et al. 1930) and the other source 
involving eight point linkage data for chromosome II (Grausarp, Table 9, 1932). 
Five point linkage data for the sex chromosome in Neurospora crassa (LINDE- 
GREN et al. 1942) were considered. The third locus in LINDEGREN’s data was iden- 
tified by the centromere. Since linkage between the locus of a factor pair and the 
centromere is calculated from frequency of, asci types, it is impossible to identify 
the frequency of all chromatid types produced in the linkage study. Therefore, 
the data were reduced to a four point linkage study involving the four factor 
pairs. The linkage measurements identified by segments are summarized in 
Table 1. 


TABLE 1 


Summary of multiple point backcross data in Drosophila (Anderson et al.1930 and Graubard 
1932) and Neurospora (Lindezren 1942) 











Segment identity 
Source Appr. 
data 1 2 3 4 5 6 7 s n 
ANDERSON .058 .097 084 147 .112 113 4 = .621 26,908 
GRAUBARD .109 .270 .058 022 £45 .048 304 .924 5, 2&4 
GRAUBARD (ad’.) .109 281 .058 .022 113 .048 318 .950 5,284 


LINDEGREN .047 .055 .081 Pee bets nae Mere .183 6,300 
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Segments 2 and 7 in GrauBarp’s data were of sufficient length that adjustments 
were made for double crossovers which probably occurred in these two regions, 
the occurrence of triple exchanges being ignored. Based on the coefficients of in- 
terference observed in Graubard’s data, an average coefficient of interference 

observed frequency of doubled crossovers 

expected frequency of doubled crossovers 
within the two regions with independence between exchanges occurring in seg- 
ments 2 and 7. The adjustments were then made based on the assumed coefficient 
of interference and on the assumption that each segment could be divided into 
three sub-segments of equal length. 

The data are summarized in terms of the proportions of chromosomes having 
0, 1, 2, . . . identified crossovers and are given in Table 2. The expected or average 





) of 0.4 was assumed for exchanges 


TABLE 2 


Observed frequencies and expected frequencies, based on the assumption of independence, 
of gametes having x breaks per chromosome 




















ANDERSON GRAUBARD LiINDEGREN 
r Observed Expected* Observed Adj. observed} Expected* Observed Expected* 
0 4595 5375 .3072 .2998 3849 .8265 8324 
1 4625 3337 4784 .4707 3675 .1635 .1527 
2 .0764 .1036 .1974 .2030 .1754 .0100 .0140 
3 .0017 .0214 .0161 .0196 0558 .0000 .0009 
4 .0001 .0033 .0010 .0028 .0133 .0000 .0000 
5 .0000 .0004 .0000 .0016 .0025 .0000 .0000 
6 .0000 .0000 .0000 .0000 .0004- .0000 .0000 
7 .0000 .0000 .0000 .0000 .0001 .0000 .0000 
E(z)=S2P, 6208 6203 9955 9547 9545 1835 £1834 
— sP 
exe = 7 4449 4621 icles 5810 .6149 .1673 .1676 
r- 
* Based on the assumption that crossovers are independent in a statistical sense. 
+ Adjusted as outlined in text 


length of gene blocks is calculated with reference to the genetic map length 
identified between the two terminal loci, being .621, .955 and .183 for the three 
sets of data. Discrepancies in s found in Tables 1 and 2 are attributable to round- 
ing errors. Discrepancies between the observed and the expected frequencies can 
be attributed to the lack of independence between crossovers and to the failure 
to observe the even number of exchanges within a segment. The failure to iden- 
tify the even number of exchanges within a segment leads to an underestimation 
of s. 

One can demonstrate that the observed and expected distributions are different 
based on statistical tests. However, when considering the biological ramifications 
in the use of this information, the agreement between expected and observed 
distributions is extremely encouraging. Also, the expected or average length of 
gene block estimated from the observed and from the expected frequencies are 
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quite similar. In fact, as a reference for the evaluation of the breakup of gene 
blocks resulting from some breeding procedure, the assumption of no interference 
appears to yield au adequate criterion for a segment analysis. One can improve 
his model by considering a modified distribution for z. 


Empirical distribution for x 


A theoretical distribution for zx based on an assumed level of interference 
would be difficult to derive. A modified Poisson distribution (V(x)<E[z]) can 
be considered based entirely upon empirical ramifications. Such a distribution 
could be defined: 

P’,=(PJe*™, 
where P, indicates the probability of observing z crossovers based on the assump- 
tion of independence. The factor (e~/‘*)) permits a restriction in occurrence of 
the larger number of breaks in a chromosome and should be a constant feature 
for the three sets of data. 

A number of functions were considered and fitted by empirical procedures 
to the three sets of data. The function: 

p’,= Ke—® + -42) 7 
x! 
where {P’,=1 and =xP’,=s, appeared to yield an approximate fit. The agree- 
ment of observed and expected for the three sets of data (Table 3) is surprising 





when one considers the diversity of the data analyzed. The probability distribu- 
tions for the proportions of the total chromosome length (t=c/s) transmitted in 
a meiotic process is (formula vi): 


1— & P.(1—2)*. 
The probability distributions for chromosome lengths of s=0.7 and s=1.0 for the 
assumption of independence and for an approximate adjustment for interference 
TABLE 3 


Observed frequencies of x breaks in three sets of linkage data and the expected frequencies 
based on an empirical adjustment for interference 











ANDERSON’s data Grauparp’s data Linpecren's data 

r Observed Expected Observed Expected Observed Expected 
0 4595 4761 .2998 .2871 8265 8242 
1 4624 .4308 .4707 .4966 .1635 .1680 
2 .0764 .0876 .2030 .1929 .0100 .0077 
3 .0017 .0053 .0196 .0225 .0000 .0001 

4 .0001 .0001 .0028 .0009 .0000 .0000 
5 .0000 .0000 .0016 .0000 .0000 .0000 

E(x) 621 .622 955 954 .184 184 
(.4761) (e--47*) (1.35)* (.2871) (e--4#*) (2.58)7 (.8242) (e--47*) (.304)* 








Sd x! z! z! 
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are given in Figure 2. The principal effect of the assumption of independence 
upon the distribution of lengths of chromosome segments transmitted intact 
through a meiotic process is to yield an overestimation of the frequency of trans- 
mission of entire chromatids and an underestimation of the frequencies of 
transmission of the larger segment lengths (c<s). For the short chromosomes 
the correction for interference is negligible. 


DISCUSSION 


The concept of genetic map distances has arisen from the study of genes con- 
trolling qualitative characters. The units for the linkage metric are defined in 
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Ficure 2.—Cumulative distributions for the proportionate segment length per chromosome 
transmitted intact through a meiotic division for assumption of independence and for an ap- 
proximate adjustment for interference. 
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distances of equal frequency of recombination. The unit of measure on the true 
genetic map scale is the distance on the map scale with which one would expect 
to find an average of one break per chromatid. Centimorgans have been defined 
as 100 y. The units of measure for the lengths of gene blocks transmitted intact 
through a meiotic cycle are taken with reference to this scale. One assumes that 
genes controlling quantitative characters are distributed within the linkage 
groups. 

The application of this information to the genetic recombination in a breeding 
program presupposes information on the lengths of the genetic maps for the 
respective linkage groups of the species. This information is limited in most 
species of economic importance. Although the information on genetic maps may 
be incomplete for a species, the probability distribution and expected lengths of 
gene blocks transmitted intact through a meiotic cyc' will serve as a point of 
reference. These distributions can serve as the basis for evaluating the extent to 
which gene blocks are broken in a breeding system. 

In corn the measured map lengths range from 0.28 for linkage group 7 to 1.61 
for linkage group 1 with an average length of 0.91 (Ruoapes 1955, p. 148). 
These measurements would be considered minimum lengths due to limitations in 
the number of loci identified within a linkage group and to the failure of identify- 
ing lengths terminal to the available loci for any linkage group. A realistic esti- 
mate for the length of chromosomes in corn would be between 0.4 and 2.0 with 
an average near 1.0. This would mean that the average length of gene block 
transmitted through a meiotic cycle would be about four fifths of a chromosome 
for the shortest chromosome to two fifths of a chromosome for the longest 
chromosome with an average length of about one third of a chromosome. These 
lengths represent considerable blocks of genetic material which would remain 
intact in the gametes from an F, individual. These results certainly suggest the 
merit of examining breeding methods currently used for the purpose of deter- 
mining the extent to which linkage blocks have been broken. 

The effects of interference on the probability distribution of c are difficult to 
assess. A clear-cut mathematical expression defining interference is not avail- 
able. Arguments were presented for an approximate adjustment for interference. 
This adjustment can be made by modifying the distribution for zx, the number of 
points of genetic recombinations per chromosome. Under the assumption of in- 
dependence the distribution for x can be defined by the Poisson distribution; 
however, one tends to overestimate the occurrence of chromatids in which a large 
number of breaks had occurred but at the same time overestimate the occurrence 
of transmission of entire chromatids through a meiotic division, since interfer- 
ence tends to restrict the occurrence of the large values for x. A modified Poisson- 
like distribution (V(x)<E[2x]) is needed. A modified distribution for z was de- 
termined empirically based on detailed linkage data available in Drosophila and 
Neurospora. For short chromosome lengths, this adjustment would be negligible. 
The assumption of independence yields an estimation of the average segment 
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length transmitted intact through a meiotic division which appears satisfactory 
for practical purposes. 

It is entirely possible that the density distribution for a break y is not uniform 
with respect to the scale based on the physical length of a chromosome since the 
crossover density is undoubtedly greater in certain portions of the chromosome 
than others. The density of y, however, is uniform with respect to the true 
genetic scale. The assumption for the distribution within a linkage group for 
genes controlling a quantitative character is made with reference to the true 
genetic scale. 

The relationship between chromosome length as measured on the true genetic 
map scale and crossover frequency should be of interest to the cytologists. The 
average frequency of crossovers for a pair of homologous chromosomes is 2s. If a 
chiasma represents a crossover, then the average chiasmata frequency is 2s and 
the distribution for z, the number of chiasmata per chromosome pair, must follow 
the distribution for x discussed in this paper. 


SUMMARY 


The derivation of the probability distribution for the length of gene block (c) 
remaining intact through a meiotic cycle has been presented. The derivation re- 
quired first an adequate definition for the measurement scale. True genetic map 
length is defined in terms of the expected number of breaks for a length (s) and 
is a probability concept only in the limited case where the segment length is such 
that the probability of two (or more) exchanges occurring within the segment 
is negligible. 

The probability distributions for a segment length per chromosome (c) re- 
maining intact together with the average or expected segment length per chromo- 
some were presented based on the assumption of independence. The effects of 
interference on these distributions were discussed. The assumptions made for 
interference will condition the probability distribution for c and, hence, the ex- 
pected value for c. Ramifications for the effects of interference were given. An 
approximate adjustment for interference can be made by considering a modified 
distribution for x, the number of breaks per chromosome. An empirical approxi- 
mation for the distribution of x was determined from two sets of data from Dro- 
sophila and a set of data from Neurospora. The assumption of independence did 
not appear to be critical for a segment analysis for a chromosome length of 0.7 
which had been selected for analysis. 

The distributions presented should be of interest to plant breeders since the 
information presented clearly demonstrates the limited extent to which linkage 
groups are broken during a meiotic division. Also, the distributions will serve as 
the basis for the evaluation of the extent to which the original linkage groups 
from a parent are broken under selected breeding procedures. 
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OR the reasons that heterosis has immense value in practical utilization in 

agriculture and the evolutionary significance of heterosis in uatural popula- 
tions is important, a number of investigators have worked on this problem and 
proposed numerous hypotheses for the explanation of this phenomenon. 

The hypotheses which have been proposed can be classified into two categories: 
(a) dominance theory, in which the phenomenon of heterosis is said to be at- 
tributable to the separate action of dominant genes from both parents and (b) 
overdominance theory, in which heterozygosity, per se, is thought to be superior 
to both types of the homozygosity. However, RENpEL (1953), HacBere (1953) 
and others have pointed out that the above two theories need not be mutually 
exclusive (HExTER 1955). 

In recent years, considerable attention has been paid to single gene heterosis 
which gives a direct proof of the overdominance theory. It is evident that the 
plan of breeding in plants and animals completely changes according to whether 
we accept the dominance or the overdominance theory. 

On the assumption that there is only one wild type allele for the mutant gene 
in question, the proof of single gene heterosis must rest on the elimination of the 
contribution of (a) the genetic background and (b) specific interaction between 
the genetic background and the gene in question. 

Up to now, two ways have been used in testing for single gene heterosis. In 
one way, an inbred line and its mutant derivative have been used because there 
is little difference in their genetic background. In this way, only the first con- 
dition above can be satisfied. The other way is only used in testing for heterosis 
in viability of animals. The dynamic observation of frequency of heterozygotes 
in random mating populations is made generation after generation to equalize 
the genetic background for each genotype. Again, this method does not satisfy 
the above second condition. In order to do this, the degree of heterosis should be 
tested in different genetic backgrounds. 

Recent findings in studies of heterosis in plants (ScHULER 1954; JonEs 1957) 
have cast suspicion on the first method. Their results showed that the genetic 


1This work has been supported by research grant E-1428 from the National Institutes of 
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backgrounds of the inbred line and its mutant derivative in maize are not always 
the same. In the case of animals, however, the results of Katmus (1945), TeEts- 
stER (1947a, b) and Buzzati-Traverso (1952) seem to be good examples of suc- 
cesses by the second method, although their experimental method does not satisfy 
the second condition. 

Hexter (1955) showed good examples of the cases in Drosophila melano- 
gaster where multilocus heterosis disappeared after several generations by re- 
combinations and random mating, using the second method, and he criticized the 
previous works done by several investigators for showing single gene heterosis. 

Many people have investigated the viability of lethal heterozygotes in Dro- 
sophila for the purpose of testing the role of lethal genes on the dynamics of 
populations. Mastne (1938, 1939a, 1939b) showed that some lethals detected in 
natural populations of Drosophila melanogaster showed single gene heterosis. 
However, Hexter (1955) criticized these findings as cases of multilocus hetero- 
sis because of Masino’s later experimental result which showed that both the 
increased and decreased viability of the heterozygotes diminished with time. 

Berc (1942) and Dusrnin (1946) considered lethal genes in natural popula- 
tions in Drosophila melanogaster to be completely recessive, but DuBin1n (1946) 
compared his results with Masrnc’s and mentioned the necessity of further 
experiments on this problem. 

Corperro (1952) and Prout (1952) tested the effect of the lethals in natural 
populations of Drosophila willistoni and concluded that, on the average, the via- 
bility of lethal heterozygotes was significantly lower than that of lethal-free 
individuals. 

Prout (1954) estimated the mean selection coefficients of heterozygotes for 
lethal chromosomes using samples from continuously irradiated artificial popu- 
lations. The results showed detrimental effects of lethal heterozygotes. 

STERN and his collaborators (1948, 1952) investigated the viability of hetero- 
zygotes for 77 sex-chromosome lethals in Drosophila melanogaster. Thirty-seven 
out of 77 were spontaneous lethals and the others were induced ones. These 
lethals had different viability indexes ranging from 0.602 to 1.312 with the mode 
in the range 0.925-0.974. In his system, the viability index greater than 1 
indicates superiority of heterozygotes. 

From all the results described previously, it can be said that most of the lethals 
are detrimental to viability in heterozygous carriers. However, STERN’s results 
(1948, 1952) indicate that some lethals show heterosis even though he estimated 
only zygotic viability. 

The investigation reported in this paper is concerned with the proof of single 
gene heterosis due to a second chromosome recessive lethal, /(2)55i (Burpick 
1956), in Drosophila melanogaster by the observation of the frequency of lethal 
heterozygotes, generation after generation, in artificial populations with different 
genetic backgrounds for satisfaction of the above two conditions necessary for 
this proof. 
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Theoretical considerations 


Definition of the parameters: In order to set up the mathematical model, the 
following parameters are defined: 
Q, =relative frequency of lethal heterozygotes (which are described as Aa) 
in the nth generation, aa being lethal. 
1—Q,=relative frequency of AA individuals in the mth generation. 
Q= frequency of lethal heterozygotes in the equilibrium population. 
m= relative mating ability of Aa males, that of AA males being 1. 
f=relative fecundity of Aa females, that of AA being 1. 
v=relative zygotic viability (hatchability + larval competitive ability + 
length of larval period) of Aa individuals, that of AA being 1. 
s=relative competitive ability of “a” sperms, that of “A” sperms being 1. 
p=relative average productivity of males and females of Aa individuals, 
that of AA being 1. 
n=the number of generations. 
F =inbreeding coefficient (Wricur 1921) 
Considerations about the equilibrium population: (a) Derivation of general 
formula. 
If the above parameters are used, the effective relative frequencies of males in 
the mth generation are as follows: 


i-Q, 


AA>=—_——_—_—_ 
1—Q, + mQ, 
Aa _ —_——— 
1—Q, + ma, 


The mating frequency and the zygotic frequency in the (7 + 1)th generation 
are shown in Table 1. 
The total frequency in the (7 + 1) th generation is: 


1 
, {2(1 +s) (1-—Qn)? + 2mQn(1—Qn) (1 + vs) + Quf 
2[ (1 ~G.) + mQ,, | (1 SE S$) 


(1—Q,) (14+v) (1 +s) + mQaf[1 + (1 +5)v]} 





The frequency of Aa in the (nm + 1)th generation is: 
1 


2| (1 —Q,) = mQ, | (1 a5 S) 
(1+ s)} 


Hence, the relative frequency of Aa (Q,4+,) in the (m7 + 1)th generation is: 
{2mQ,(1—Q,)vs + vfQn(1—Qn) (1 +s) + mQnvf(1 + s)} + (211 +5) (1- 


Qn)? + 2mQ,(1—Qn) (1 + vs) + Quf(1—-Q,) (1 + v) (1 +5) + mQif[1 + v 
(1+s)]) 


{2mQn(1—Qn)vs + vfQu(1—Qn) (1 + 8) + mQuof 
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The change of the lethal heterozygote frequency ( AQ) is: 
AQ=Qrn +4 —Q, 

In the equilibrium population, \Q=0. Based upon this relation, the following 
general formula can be obtained in the equilibrium population: 

a [(1 +s) (1-Q) + mQ] [2-—Q(2-f)] (1) 
(1—Q){2(1—Q) ms + (1 + 8) [f(1—Q) + Qmf]} 

(b) Conditions for maintenance of lethal heterozygotes in the equilibrium 
population. 

The necessary and sufficient conditions for maintenance of lethal heterozygotes 
in the equilibrium population were obtained with Formula (1) and 0<Q<1, 
when only each factor individually and every two factor combination contribute 
to the maintenance of lethal heterozygotes, respectively. The results are pre- 
sented in Table 2. 

Considerations about the dynamic population: Generally speaking, in the case 
where the contributions of males and females are equal to each other with re- 
spect to the frequency of each genotype in the next generation, the general 





TABLE 2 


Necessary and sufficient conditions for maintenance of lethal heterozygotes 
in the equilibrium population 





Contributing The relationship in the Necessary and 
factors equilibrium population sufficient conditions* 
































(or f) ne ER Si 2) f)>1 
m (or m (or =S (2 m (or 
Q?—4Q+4+2 
1 
s s = ———. (3) 7% 
(1 —Q)? 
_ 
‘ v= =. (4) o> 1 
2(1 — Q) 
2(1 — Q) 2 
and s = —— 5) > 
f f (1 — Q)2s + (1 — 2Q) f s+1 
(1—Q) + (1—Q) its 
mand s C= 2) 4 Qs (6) m> 
(1— Q)(2— Q)s—Q 2s 
4(1 — Q)2 + 2(1 — Q) (2Q — 1)f (7) m >(2— f) when 
mand f m= 1 0) 1 — 20) + 02 —30)f O0<f<2 
2(1 — Q) (1 — 2Q2) + Q(2- = 
m > 0 when f > 2 
2— 2Q2)(2— Q) + Q(2 — Q)m 2 
v and m (or f) piece Q Q Q Q (8) v> 
(2 — 2Q) (1 — Q) + 2(1— Q)m m+ 1 
2—Q)+ a1—- (2- ) 2-+ 2s 
vands = \ a Q) Qs (9) v> = 





(1 — Q) (3 — 2Q)s + (1 — Q) ) se 





* Mathematical treatments were made under the assumption that all viability parameters are positive. 
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formula of the frequency of lethal heterozygotes can be obtained as a function of 
the number of generations, the frequency of lethal heterozygotes in the starting 
generation, and the parameters. 

(a) In the case where there is no difference between lethal heterozygotes and 
the wild type, that is to say, v-=f=s=m=1, 


22, 





a a (10) 
2+ (n—1)Q, 
If Q,=1, then 
) 
— (11) 
1+n 


These two formulae have been obtained by many people previously using the 
reference of gene frequency (Prout 1953, L1 1955). 

(b) In the case where v1, f=s=m=1 and inbreeding takes place and it is 
assumed that the inbreeding coefficient, F, is constant over generations, although 
this is a very rare case, the following equation can be obtained: 


2Q,[1—v(1- F) Jv" (1—F)" 


oe otto —F)]+Q,[1-v">(1—-F)"*] (1—F) (20-1) 


(12) 





The necessary and sufficient conditions for maintenance of lethal heterozy- 
gotes and the equilibrium frequency are as follows: Under the conditions 
v(1—F)>1, (v>0.5, 1>|F|), the population will reach equilibrium and the 
equilibrium frequency will be: 

2[1—v(1—-F)] 


(F- 1)(2v—1) 
If inbreeding does not take place, then formulae (12) and (13) become as 
follows: 


(13) 








9 1-—v yn—1 
= — (14) 
2(1-—v) + Q,(1-—v*") (2v—1) 
2(1- 
PO (15) 
1—2v 


The necessary and sufficient condition for the maintenance of lethal heterozy- 
gotes in the equilibrium population is v>1 which is exactly the same as the result 
of Table 2. 

(c) Consideration of the average productivity of males and females. 

There is a difference between males and females regarding their productivity 
of offspring. In the notation used in this study, males are concerned with m and 
s, and females are concerned with f. Thus, it is theoretically meaningless to define 
average productivity, although Tetsster (1942) used this concept as fecundity, 
combining it with zygotic viability, to obtain a general formula for gene fre- 
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quency. However, the concept of average productivity may give some informa- 
tion in the experiment reported in this study. Thus, the following formula was 
obtained: 


. 2(1—p)Qp™ 
2(1—Q,) + (3Q,—2)p + 2p"*Q, —3prQ, 





n 


(16) 


If Q,=1, then 


2(1—p)p"* 
Q,= (17) 
1+ Qp"*—3p™ 





The necessary and sufficient condition for maintenance of lethal heterozygotes in 


the equilibrium population is p>1, and the equilibrium frequency is: 
2(1— 
“ silt. (18) 
2—3p 


MATERIALS AND METHODS 


Stocks: The following stocks were developed and used in this experiment. 

W-1, a wild type stock collected at Erie, Pennsylvania in the fall of 1954 and 
maintained by random mating. 

W-101, homozygous wild type stock extracted by CMI technique (Burpick 
1954) from W-1. 

C-101, the second chromosome lethal /(2)55i balanced over Ins(2)SMI, al? 
Cy sp’ with first, third and fourth chromosome homozygous, extracted from the 
same original female as W-101 by the CMI technique. 

W-11, a wild type stock inbred from A. E. BELw’s stock CP. 

W-109, homozygous wild type stock extracted by the CMI technique from 
W-1L1. 

H-41, scS’ B InS w" sc*; Ins(2)SMI, al? Cy sp*?/In(2)Pm, dp b Pm ds***; C 
Sb/Ubzx'* e*; poll. 

Population 1 (3-4), a line which has no second chromosome lethal, established 
from a single pair mating of lethal-free flies in the 22nd generation of Population 
1. 

Population 2(1—4), a line which has no second chromosome lethal, established 
from a single pair mating of lethal-free flies in the 17th generation of Popula- 
tion 2. 

C-10, black, vestigial (b vg). 

CMI extraction: The experimental procedure of the CMI technique for the ex- 
traction of single genomes and the recovery of these genomes in homozygous con- 
dition and for the extraction of the lethal stock has been reported by Burpick 
(1954) and Burpick and Mukai (1958). This is as follows: 

Gen. 1 Wild type females x H-41 males 

Gen. 2 H-41 females x +;Cy/+ (1?); Ubx'*°/+; pol/+ males 

Gen. 3 B/+; Cy/+ (1?); Ubx'*’/+; pol/+ females X her sire 
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Gen. 4 + homozygous stock or Cy // 

Thus, if a genome sampled has a lethal, this can be balanced with a multiple in- 
version. 

Establishment of experimental populations: Population 1. As offspring of a cross 
between C-101 and W-101, two kinds of flies, Cy/+ and +/l, were obtained. 
Fifty pairs of the lethal heterozygotes were put into one bottle (14% pint milk 
bottle in which King’s medium was used). Seven bottles of this constitution made 
Population 1. Therefore, the genetic background for the lethal heterozygotes in 
Population 1 is from a single female out of W-1. 

Population 2. By the same procedure as that of Population 1, Population 2 was 
established with offspring of crosses between W-109 x C-101. Thus, the genetic 
background for the lethal heterozygotes is 50 percent W-1 and 50 percent W-109, 
and the homozygosity of this is probably extremely low. 

Population 3. This population consisted of 10 bottles, each of which contained 
44. virgin pairs from Population 1 (3-4) and six virgin pairs from Population 1. 
The equilibrium frequency of lethal heterozygotes in Population 1 was 0.420 + 
0.0185. Thus, the expected frequency of lethal heterozygotes in the starting 
generation of Population 3 was 0.05. Lethal heterozygotes were lost from Bottles 
3 and 4 in Population 3 by sampling error when the population was established 
and/or random genetic drift in the successive generations. Therefore, Population 
3 consisted of eight bottles and its genetic background was mostly that of Popu- 
lation 1. 

Population 4. This population was established by the same means as that used 
in establishing Population 3 except that Population 2(1—4) was used as a source 
of lethal-free flies and the background was that of Population 2. The expected 
frequency of lethal heterozygotes in the starting generation of Population 4 was 
0.05. No bottles of this population lost the lethal heterozygotes. Hence, Population 
4 consisted of ten bottles. 

Table 3 shows the constitutions of the various populations. 

Procedure of the experiment: All populations were maintained in the laboratory 
where the temperature was 25+1°C. Every fifteen days, a random sample of 50 
pairs was taken from each of the bottles and transferred to a new bottle. On the 


TABLE 3 


Description of the various populations in the starting generation 





Frequency of lethal Genetic Population 


Population heterozygotes background size} 
Pop. 1 100% W-1 700 
Pop. 2 100% W-1 50% 700 

W-109 50% 
Pop. 3 5% Pop. 1 800 


Pop. 4 5%* Pop. 2 1000 





* Expected frequency 
+ Population size in each generation when transferred. 
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ninth day all flies were eliminated from the bottles so that there was no over- 
lapping of generations. At the transferring time, a random sample of 15 males 
from each bottle was taken in Populations 1 and 2, and they were individually 
test crossed to C-101 females. In populations 3 and 4, 30 males were sampled 
from each bottle at random and testcrossed to C-101 females in Generations 10 
and 15. If the phenotypical ratio of Cy flies to wild type flies in the offspring was 
1:1, this meant that the tested male was not heterozygous for /(2,)55i and if that 
ratio was 2:1, this indicated that the tested male had the lethal. 
Estimation of the average productivity of males and females: The average pro- 
ductivity of males and females was obtained by two methods in order to get infor- 
mation about relative female fecundity and the mating ability of males in lethal 
heterozygotes. 

(a) From the equilibrium frequency of lethal heterozygotes, the average pro- 
ductivity of males and females of lethal heterozygotes was obtained. In the equi- 
librium population, the following relationship exists: 





2-2 
p=- (19) 
2— 3Q 
Thus, if Q is known, p can be estimated. 
The variance of p(o°) is given by the following formula: 
4.0? 
2 eal 20) 
°» “(2—3Q)* ( 


where o® is the variance of equilibrium frequency of lethal heterozygotes. 

(b) The second method for estimating average productivity of males and 
females of lethal heterozygotes is the so-called least-squares method. The relative 
average productivity of lethal heterozygotes can be estimated by Formula (16) 
or (17). It is necessary to estimate the frequency of lethal heterozygotes in many 
generations in order to get this estimate. The variance of estimate p is also calcu- 
lated by the usual method. 


Experimental data and analysis 


The lethal gene in question was located on the second chromosome with Sp 
(2—22.0) and BI (2-54.8). The data indicate that the lethal is a little beyond Bi, 
and the position is about 55. 

As one of the means of proving that the lethal in question is a point mutation, 
linkage tests were conducted in an effort to determine whether crossover inhibi- 
tion characteristic of inversion was evident. Tester stock C-10 (b vg) was used, 
since 1(2)55i is located between b and vg. The recombination value between b 
and vg was 16.3 + 1.0 percent when lethal carrying chromosomes were used. 
The control was 16.1 + 0.9 percent. The map distance between the two genes is 
18.5 percent. From these results, it can be concluded that the lethal does not affect 
crossing over in its near region and is therefore not included in an inversion. The 
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salivary chromosomes of the lethal heterozygotes were observed and, at least, 
visible inversion loops were not detected. This finding supports the above cross- 
over results, 

The frequency of lethal heterozygotes was estimated from Generation 2 
through Generation 16 in Populations 1 and 2, and at the 10th and 15th genera- 
tions in Populations 3 and 4 by the method described previously. There were no 
heterogeneities among bottles in each generation of each population except for 
Bottles 3 and 4 in Population 3 which were discarded because of the loss of lethal 
heterozygotes by random genetic drift and/or sampling error when the popula- 
tion was started. Thus, all the other results in each generation of each population 
were pooled. It should be stressed that Populations 3 and 4 started from an ex- 
pected frequency of lethal heterozygotes of 0.05. Experimental results are shown 
in Table 4. The results of Populations 1 and 2 are graphically presented in 
Figure 1, with the expected curves when there is no difference in viability be- 
tween lethal heterozygotes and the wild type, and when there is a difference in 
average productivity between the two types of flies (p= 1.625: the least-squares 


TABLE 4 


Relative frequencies of lethal heterozygotes in each population 





Population 





Generation Pop. | Pop. 2 Pop. 3 Pop. + 





1 1.00 1.00 0.05* 0.05* 
2 0.6735 i oe ee 
3 0.5195 er ea ae ce 
4 0.6185 ... .. 5) ae ne ree 
5 0.6535 eee ee en PL Pie Sie 
6 0.4615 ee 8 | Reh me Acai 
7 0.4421 Se ee ee eee ee 
8 0.3516 | re 
9 0.4257 ee ee See ncaa 
10 0.3776 0.4902 0.1687 0.2483 
11 0.5100 mes |. ae, Ow) Seen 
12 0.4556 a : ert 
13 0.4592 meee) eo SO See OO 
14 0.3500 0.4020 eta? dl tL) eee 
15 0.3495 0.4382 0.3258 0.4227 
16 0.4757 on . eee Pe 
Equilibrium 0.4197 oe tC Oa 8 teins 
Frequency + 0.0185 + 0.0172 





* Expected frequency. 

Pop. 1: W-1 genetic background; Pop. 2: W-1 (50 percent) and W-109 (50 percent) genetic background; Pop. 3 
Pop. 1 genetic background; Pop. 4: Pop. 2 genetic background. 

In Pop.’s 1 and 2, 105 males in each generation were sampled and tested 

In Pop. 3, 240 males were sampled in the 10th and 15th generations. 

In Pop. 4, 300 males were sampled in the 10th and 15th generations. 

If a culture in test cross was not successful, this culture was discarded, but this proportion was small (less than 10 
mercent). 

Equilibrium frequencies are the mean values of the ten generations from the 7th to 16th generation. 


¢ 
& 
, 

hy 
om 








SINGLE GENE HETEROSIS 221 


estimate). The results of Populations 3 and 4 are graphically presented in 
Figures 5 and 6. 

The most important findings from the experimental data are that Populations 
1 and 2 reached the same equilibrium point, Q=0.42, which is the average fre- 
quency during the last ten generations, and that Populations 3 and 4 were reach- 
ing the same equilibrium point as that of Populations 1 and 2. Thus, it can be 
said that the equilibrium frequency of lethal heterozygotes is independent of the 
genetic background and also of the starting density of lethal heterozygotes. If 
there is no difference in viability between lethal heterozygotes and the wild type, 
the frequency of the lethal gene should reduce monotonously, following Formula 
(10), and finally should be eliminated from the population. Therefore, experi- 
mental results clearly indicate the superviability of lethal heterozygotes. 

The fact that the results of Generation 2 fit the expected value based on no 
difference between the two types of flies indicates that there may be no difference 
in sperm competitive ability and zygotic viability between the two types of flies. 
This is shown, experimentally, later. 

Relative zygotic viability of lethal heterozygotes was estimated by the follow- 
ing procedure: 












2(I-p) n-2 
ise=-se° 
p =|.625 (Least-squares Estimate) 
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Ficure 1.—Graphic presentation of the relative frequencies of lethal heterozygotes when 
started from Q, = 1. 
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Gen.1 C-101 females x wild type males 
Gen.2 Cy/+ females x wild type males, C-101 females x wild type males 
Gen.3 Cy/+ vs. +/+ Cy/+ vs. +/l 

(a) (b) (a) (c) 


From the results of the above process, the relative numbers of a, b, and c were 
estimated. The ratio c/b was calculated, giving the relative zygotic viability of 
lethal heterozygotes. As the wild types in this scheme, Population 1 (3-4) and 
Population 2(1—4) were used. The experimental results based on 13,408 flies are 
summarized in Table 5. 


TABLE 5 


Relative zygotic viability of lethal heterozygotes 

















Genetic background 
Pop. 1(3—4+ Pop. 2(1-+ 
Viability 
(v) 0.9741 1.0850 

1.0 

as Oo Observed 

ree ee aioe 
fos! 2(1- Qr#(3Qi-2)pt2p'"Q:38'Q, 


Q:=0.05, 
Qie(=Q:)=0.1687 
—> 95% Confidence Interval 


1.57, 


oO 
“I 


8 





Expected 
Qeti= 2 Qa(it f - Qn) 


~ A(1- Qa) tQe £(4- Qa) 
Q:=005, f=m=234 





8 





rs 


Relative Freqency of Lethal Heterozygotes (Qn) 











@) mn a 


| 2 3 4 5 6 t 8 9 10 II i2 3 4 15 6 
Generation (n) 





Figure 5.—Graphic presentation of the relative frequencies of lethal heterozygotes and 


theoretical curves obtained from f (or m) = 2.34, and p = 1.57. (Population 3). 
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Ficure 6.—Graphic presentation of the relative frequencies of lethal heterozygotes and 
theoretical curves obtained from f (or m) = 2.34 and p = 1.57. (Population 4). 


The estimates of viability are not significantly different from 1 but they are sig- 
nificantly different from each other. This difference might be caused by the dif- 
ference of genetic backgrounds. However, for the reason that the above two 
estimates are not significantly different from 1, it can be assumed that there is 
no difference in zygotic viabilities between lethal heterozygotes and the wild 
types. 

On the basis that there is no difference between Cy and non-Cy flies and be- 
tween lethal heterozygotes and lethal-free flies regarding the zygotic viability 
(both of these conditions being recognized in the above experiment), the relative 
competitive ability of lethal carrying sperm was estimated by the following 
cross: C-101 females x +// males. As a by-product of estimating lethal frequency 
in the populations, the following results were obtained: 2430 phenotypically Cy 
and 1208 phenotypically wild type. The expected ratio is 2 Cy:1 wild type and 
these data fit this expectation almost perfectly. Thus, it is not possible to assume 
that there is a difference between lethal carrying and lethal free sperm in the 
competitive ability for fertilization. 

Thus, the causes of the high equilibrium frequency of lethal heterozygotes 
should be attributed to higher fecundity of lethal heterozygote females and/or 
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stronger mating ability of lethal heterozygote males. The relationships between 
m, f, and Q are plotted in Figure 2. From this figure, it can be said that, if Q= 0.42 
is caused only by superiority of mating ability of lethal heterozygote males or 
that of female fecundity, these relative values should be 2.34. 
In general, the relations between any two consecutive lethal heterozygote 
frequencies can be obtained, where only m or f is not equal to 1. 
90. (1+ f- 
os 2Q,(1 + f—-Qn) (an) 
4(1—Q,) + Qnrf(4—Qrn) 
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Ficure 2.—The relationship between m, f and Q in the equilibrium population where 
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Average productivity of lethal heterozygote males and females (p) was esti- 
mated by the two methods, from equilibrium frequency and the least-squares 
method, in Populations 1 and 2. The results are given in Table 6. The results of 
Table 6 show that there are no significant differences among those four estimates. 


TABLE 6 


Average productivity of lethal heterozygote males and females assuming that of the wild type is 1 





Method 





Population Equilibrium frequency I east-squares method 














“Population 1 1.5662 + 0.0674 1.6232 + 0.1006 
Population 2 1.5839 + 0.0651 1.6278 + 0.0860 





Thus, based upon f (or m) =2.34, p=1.57 and p=1.625, the expected fre- 
quencies of lethal heterozygotes.in all populations were calculated, Formulae 
16), (17), and (21) being used. The results based on f(or m) =2.34 are plotted 
n Figures 3(Pop. 1), 4 (Pop. 2), 5(Pop. 3), and 6(Pop. 4). The results based 
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Figure 3.—Graphic presentation of the relative frequencies of lethal heterozygotes and theo- 
retical curve obtained from f (or m) = 2.34. (Population 1) 
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Ficure 4.—Graphic presentation of the relative frequencies of lethal heterozygotes and theo- 
retical curve obtained from f (or m) = 2.34. Population 2). 


upon p= 1.57, which were estimated from the equilibrium frequency, are plotted 
in Figure 5 and 6 only for Populations 3 and 4. The expected curves based upon 
p=1.57 are too close to those based upon f(or m)=2.34 to plot in Populations 1 
and 2. The x’ technique being used, the goodness of fit of experimental data to 
those theoretical curves were calculated for Populations 1 and 2. The results are 
given in Table 7. The 95 percent confidence intervals for the expectations in 


TABLE 7 


Consideration of goodness of fit of experimental data to various theoretical curves 





Basis of fitting 
Population f (or m) =2 340 ; p—1.57% p=1.625° 
x? Prob. x2 Prob. x? Prob. 
Population 1 19.8 0.074 18.9 0.092 18.2 0.111 
Population 2 14.8 0.282 14.1 0.284 13.4 0.343 





® Estimated from the equilibrium frequency Q=0.42 

> Estimated from the least-squares method 

x? (d.f.=12, one tail =0.05) =21.0. 

The results of Generation 2 were not used 

Prob. shows probability that the event or worse events takes place. 
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Generations 10 and 15 in Populations 3 and 4 were calculated. Only the result 
of Gen. 15 in Population 4 was included in this interval. The results of Table 7 
show that all three curves fit the data in Populations 1 and 2, although none too 
well. We have no reason to reject any of the hypotheses represented by these 
three curves. Thus, we have no basis to decide whether the female fecundity 
and/or the mating ability of males cause high equilibrium frequency of lethal 
heterozygotes. However, the results in Table 7 make us speculate that both of the 
above factors contribute to the high equilibrium frequency for the reason that 
x” values are lower in the case where they are based upon the average produc- 
tivity of males and females. The results of Populations 3 and 4 in Figures 3 and 
4 support this speculation, because the curves based upon the average produc- 
tivity of males and females are closer to the observed points than those based 
upon the female fecundity or the mating ability of males, although only one 
point in Population 4 was included in the 95 percent confidence interval. These 
speculations are supported strongly by the fact that, if oly the mating ability 
of males or the female fecundity causes the high equilibrium frequency 
(Q=0.42), m or f should be 2.34 and this is really too high. 

Thus, it can be concluded that the high equilibrium frequency of lethal hetero- 
zygotes was caused by the higher female fecundity and stronger mating ability 
of males of lethal heterozygotes. 

Thus, on the basis of the above conclusion, the data should be reconsidered. 
For Populations 3 and 4, only the result of Gen. 15 in Population 4 was included 
in the 95 percent confidence interval. However, if we assume that the population 
started from Q,,=0.1687 (in Population 3) and Q,,=0.2483 (in Population 4) 
which are observed values, the results of Gen. 15 in Populations 3 and 4 are in- 
cluded in the 95 percent confidence interval. These are graphically shown in 
Figures 5 and 6. Thus, it can be believed that the viability of lethal heterozygotes 
in Populations 3 and 4 is equal to that of Populations 1 and 2 at least after Gen- 
eration 10. However. in earlier generations, there is some doubt. Even if the popu- 
lation is assumed to have started at 0.01 density of lethal heterozygotes, the 
observed point of the 10th generation in Population 3 is not included in the 95 
percent confidence interval of the expected frequency due to p=1.57 and 
Q,=0.01. This fact indicates that there may exist interaction between the via- 
bility of lethal heterozygotes (especially mating ability of males) and the density 
of the lethal heterozygotes in the population. 

The tendencies of Populations 1 and 2 can be understood from Figure 1. Gen- 
erally speaking, the data fit to the expected curve based upon the superiority of 
the average productivity of males and females in lethal heterozygotes. Most of the 
parts of the large x” in Table 7 have come from discrepancy between the observed 
and expected during the early several generations. This indicates the hetero- 
geneity of the genetic background for the two types of flies (+/+ and +//) ina 
few early generations. Later, the genetic backgrounds became equalized for the 
two types of flies and reached the stable equilibrium. 

In conclusion. it can be said that these lethal heterozygotes show superviability 
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due to female fecundity and mating ability of males, compared with the wild 
type. 


DISCUSSION AND CONCLUSION 


The genetic nature of 1(2)55i: The lethal in question can be called, tentatively, 
a point mutation so long as it is not shown to be an inversion or a deficiency. 

The negative evidence of deficiency is indirect. Experimental results show 
that this lethal is located at about 55 in the second chromosome. In this region, 
many deficiencies with minute phenotype have been found; M(2)S, : 2-55.1, 
M(2)S, : 2-55.1, M(2)S¢ : 2-55.1, M(2)S io : 2-55.1, M(2)S,. : 2-56 (Brinces 
and BrEHME 1944). In most cases these minutes suppress crossing over in the 
near region. The lethal used in this experiment does not show any phenotypic 
change and does not suppress crossing over. Thus, the deficiency hypothesis can 
be rejected, although the information at hand is not critical in this respect. 

If /(2)55i is included in an inversion, it should suppress recombination. The 

finding that lethal heterozygotes do not suppress the recombination, at least, 
between black and vestigial and that a visible inversion loop was not observed in 
the salivary chromosomes of the lethal heterozygotes serves to reject the in- 
version hypothesis. 
Physiological mechanism of overdominance: HacBerc (1953) classified the 
causes of overdominance into two categories with reference to FisHer (1918) and 
Hutt (1952): (1) The function of alleles are complementary to each other. (2) 
One of the alleles is amorphic, may even be a deficiency, the other allele has an 
optimal effect when in single dose and the homozygous state is an overdose. 
However, if one gene controls one chemical reaction or produces one enzyme, the 
above complementary hypothesis is impossible. We should, therefore, consider 
only HacBerc’s second cause. 

(a) The case where the mutant gene is amorphic or hypomorphic. 

As HacBerc (1953) and others have indicated, overdominance with an amor- 
phic or hypomorphic mutant must indicate that the homozygous wild type in- 
volves an overdose. In most amorphic cases, including small deficiency, mutant 
homozygotes would be lethal. The fact that most of the biochemical mutants in 
Neurospora are lethal supports the above statement. Most of the lethals associated 
with overdominance may be amorphic. EMerson’s (1948) experimental results 
with a heterocaryon of p-amino-benzoicless of Neurospora give a good example 
of overdominance due to an amorphic mutant. 

(b) The case where the mutant gene is hypermorphic. 

When optimum dose exists in the heterozygote between hypermorphic mutant 
and its wild type, overdominance due to hypermorphic heterozygote can be seen. 
There is no example of this case. However, it should be pointed out that hyper- 
morphic mutants are difficult to detect by the usual microbiol genetics technique. 
Lethality would not be produced by the hypermorphic gene. 

(c) The case where the mutant gene is neomorphic. 

There are two possibilities of producing overdominance by neomorphic hetero- 
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zygotes. First, if the wild type is an overdose, the heterozygote might be optimal. 
Second, if the new substance produced by the neomorphic allele stimulates the 
growth or reproduction, overdominance might result. It is important to add that 
the neomorphic homozygote would probably be lethal. A neomorphic allele 
could produce interaction with other loci and this will be discussed later. 

(d) The case where the mutant gene is antimorphic. 

Overdominance due to antimorphic heterozygote might be seen when the 
optimal dose is less than haploid wild type dose. Practically, this may be impos- 
sible, because if the optimum level were less than haploid wild type dose, this 
wild type allele would have been replaced by the other mutants which might 
have occurred in the process of evolution. 

Hypotheses alternative to single gene heterosis associated with |\(2)55i: In the 
experiment presented in this paper, even though genetic backgrounds were 
changed, the same equilibrium frequencies of lethal heterozygotes were reached 
in Populations 1 and 2 where the frequency of lethal heterozygotes in the start- 
ing generation was 1.00. Populations 3 and 4, which started from a low frequency 
of lethal heterozygotes (expected frequency was 0.05). were reaching the same 
equilibrium frequency as Populations 1 and 2. It can be concluded, therefore, 
that the high equilibrium frequency is due to the superviability of lethal hetero- 
zygotes which is caused by single gene hetrosis. 

As alternatives to the above, two hypotheses can be taken. It could be that a 
dominant adaptive gene was closely linked to the lethal gene or that there was 
a specific interaction of the lethal gene with a closely linked gene. 

In the case of the dominant adaptive gene hypothesis, specific interaction is not 
assumed between the two genes. If crossing over takes place between the lethal 
gene and the hypothetical dominant adaptive gene, the frequency of this domi- 
nant adaptive gene would increase rapidly and the lethal gene would be elimi- 
nated from the population. However, in all four populations, no population lost 
the lethal gene except for Bottles 3 and 4 in Population 3 where sampling error 
when the population was established and/or random genetic drift would ac- 
count for the loss. The maximum distance between the lethal and a dominant 
adaptive gene. such that no crossover would have been likely in our four popula- 
tions is 0.00002. Even in the case of pseudoallelism, the recombination value is 
larger than 0.00002 (GrEEN 1955). These findings are enough to reject the domi- 
nant adaptive gene hypothesis. In addition to these, on the assumption that the 
lethal mutation took place in the W-1 population in our laboratory, the dominant 
adaptive gene hypothesis can be rejected, clearly, because, if we make the as- 
sumption that this dominant adaptive gene mutated from the wild type earlier 
than the lethal gene, the gene frequency should have increased rapidly. Then, 
even if the lethal mutation took place very closely linked to the dominant adap- 
tive gene, this lethal would have been eliminated from the population soon, since 
it would have no selective advantage if lethal heterozygotes would not show 
heterosis. 

We can assume that the recessive lethal gene mutated from the wild type 
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gene earlier than the dominant adaptive gene. If this was the case, the lethal gene 
would have had a high possibility to have been eliminated from the population 
by random genetic drift and the lethality of homozygotes. In Population W-1, 
less than 100 flies have been transferred to the new bottle every three weeks. 
From the above discussion, this assumption should also be rejected. 

Thus, if this dominant adaptive gene hypothesis is true, the dominant adaptive 
gene and the lethal gene should have mutated from the wild type simultaneously. 
This probability is extremely low. Hence, we can find no support for the domi- 
nant adaptive gene hypothesis. 

It might be assumed that most lethal point mutations are amorphic but some- 
times neomorphic mutations might cause lethality. On the assumption that the 
lethality of 1(2)55i is caused by a neomorphic mutation, the interaction hypoth- 
esis can be proposed. If another gene has a specific interaction with the neo- 
morphic lethal gene, i.e., this gene uses the product of the neomorphic lethal gene 
and it results in heterosis, the neomorphic lethal gene could be maintained in the 
population. The interacting gene should be very close to the lethal gene for the 
reason that the curve of change of lethal heterozygote frequency did not deviate 
from that expected from the single gene heterosis in Populations 1 and 2. If this 
is the case, it is the same as position effect. The relationship might be expressed 
schematically as follows: 

Ma MM & &@ A A_A @ ‘ a 

==> =F SF SS = = = = = where A is the specific interacting gene, 
Ae A a A a a a 

and ais its allele which does not interact with the lethal. 

In this case, it is impossible to prove, phenomenologically, that such a neomor- 
phic lethal gene and the interacting gene with it exist without the aid of bio- 
chemical studies. Finally it should be pointed out that, theoretically, the existence 
of this hypothesis must be acknowledged but its application in this case is ques- 
tionable. 

Most investigators have studied heterosis phenomenologically. In the future, 
heterosis should be studied biochemically to learn its true nature. 


SUMMARY 


A clear demonstration of single gene heterosis for viability associated with a 
second chromosome recessive lethal in Drosophila melanogaster was given in 
this paper. 

1. The lethal in question was located at about 55 on the second chromosome 
and was not associated with any crossing over inhibition. 

2. Four artificial populations were established. The frequencies of lethal hetero- 
zygotes in the starting generations were 1.00 in Populations 1 and 2, and 0.05 in 
Populations 3 and 4. The genetic background of Population 1 was the same as that 
of Population 3 and that of 2 the same as 4. 

3. The frequencies of lethal heterozygotes were estimated until Generation 16 
in Populations 1 and 2. In Populations 3 and 4, the frequencies of lethal hetero- 
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zygotes were estimated in Generations 10 and 15. Populations 1 and 2 reached 
the same equilibrium point where the frequency of lethal heterozygotes was 0.42. 
Populations 3 and 4 were reaching the same equilibrium point as that of Popula- 
tions 1 and 2. 

4. The superviability of lethal heterozygotes due to single gene heterosis can 
be concluded because the experimental procedures eliminated the contributions 
of the genetic background and of the interaction between the lethal gene and the 
genetic background toward the observed superviability. 

5. Mathematical model was set up to analyze the experimental results in de- 
tail. This model and the other experimental results being used, the higher female 
fecundity and the stronger mating ability of males of lethal heterozygotes were 
proven to have contributed to the superviability. 
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EIOTIC drive has been defined as a force, potentially capable of altering 

gene frequencies in natural populations, which somehow depends upon the 
nature of the meiotic divisions; specifically, when the meiotic divisions are such 
that the two kinds of gametes from a heterozygote are produced in a ratio differ- 
ent from 1:1 (SANDLER and Novirsk1 1957). There have been reported numerous 
cases which either are, or may be, examples of meiotic drive. These include 
cases in Drosophila (GERsHENSON 1928; SruRTEVANT and DoszHansky 1936; 
Novitsk1 1951; Novirsk1 and Irnts SANDLER 1957; LinpsLEY and SANDLER 1958), 
in maize (RHoapeEs 1942; LoncLey 1945), in tobacco (CAMERON and Moav 
1957), and possibly in mice (DUNN 1953) and in man (DuNN 1953; SANDLER 
and Novitsk1 1957). 

The purpose of this paper is to present a first account of the results of a series 
of studies designed to elucidate the cytogenetic basis of a case of meiotic drive 
which was discovered in a natural population of D. melanogaster. In this popula- 
tion there has been found a second chromosome locus, located in or near the 
proximal heterochromatin and called segregation-distorter (symbol, SD), which 
is recovered much more frequently than its normal allele among the progeny of 
heterozygous male parents. This phenomenon, to which the name segregation- 
distortion has been applied, (1) has never been found to occur in females, (2) 
apparently requires synapsis (particularly in the region of the locus in question) 
in order to operate, and (3) comes about as a result of the failure of sperm 
carrying the normal allele to be formed or to function normally. The evidence 
bearing on these, and certain other points, and a cytogenetic model to account for 
the results are presented below. 


Origin of SD-bearing chromosomes 


In an experiment designed to test the heterozygous effect on viability of re- 
cessive lethais recovered from natural populations, Hrratizumi and Crow (1957) 
made a series of second chromosomes heterozygous with the recessive markers 
cn and bw in males, and backcrossed them to cn bw females. Certain of these 
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chromosomes carried recessive lethals; others, as a control, did not. Departures 
from the expected quality of the two classes in the F, were measured. The ma- 
jority of such tests gave results which did, in fact, approach the expected quality, 
but there were six very striking exceptions. Five of these were associated with 
lethals in the second chromosome and the sixth was free of lethals. The lines 
designated as SD-/, -5, -8, -9, and -36 carry a lethal; SD-72 does not. A standard 
allelism test showed that the lethal carried by the five lines is, for all cases. the 
same. It may, moreover, immediately be concluded from line SD-72 that the 
phenomenon of segregation-distortion does not depend upon the lethal. 

It was, furthermore, found that all of the lines that carried the lethal showed 
virtually no crossing over between cn and bw (57.5 and 104.5 on the standard 
map), which region covers almost all of the right arm of chromosome II. Al- 
though SD-72 also showed a markedly reduced frequency of exchange between 
cn and bw, exchange in this line was definitely higher than in the other lines. 
Cytological examination of salivary gland preparations of lines SD-5 and SD-72 
revealed two inversions, a small proximal and a large distal inversion, in SD-5, 
and only one inversion (apparently the same as the distal inversion in SD-5) 
in SD-72. For reasons which will be apparent later it is pertinent to note that 
the inversion, here designated as “proximal,” actually has its proximal break- 
point about one quarter of the salivary gland chromosome length from the 
centromere, and therefore does not in fact involve the centromere region. Cross- 
over tests of SD-bearing chromosomes heterozygous with all? (a multiple marked 
second chromosome carrying the markers al dp b pr c px sp) showed that crossing 
over in the left arm of chromosome II is approximately normal in all lines. 

Finally, a standard test for translocations between chromosome II and the other 
chromosomes was carried out. The results were negative. 


A demonstration of segregation-distortion 


Each of the SD lines was tested as follows: males of the constitution SD/cn bw 
were crossed to homozygous cn bw females and the two classes in the progeny 
were scored, From among these progeny, males of the same constitution as the 
parental males were collected and tested in the same manner as the previous 
generation. This system was carried on for an additional two generations. The 
results of these tests are given in Table 1. It is clear that there is, in every case. 
a very striking departure from the expected equality of the two classes among 
the progeny of heterozygous SD-bearing males. 

A similar set of recurrent backcrosses was made passing the SD chromosome 
through the female instead of the male (i.e., SD/ cn bw females by cn bw males). 
The results of these tests are given in the lines labeled A in Table 2. The two 
classes are approximately equal here. We may note three points about this ex- 
periment. First of all, there does in fact appear to be a slight depression of the 
cn bw class. That this is a viability depression of the mutant class due to the 
markers is shown by the results of a mating of cn bw/-++- males by cn bw fe- 
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TABLE 1 


The results from recurrent backcrosses of SD/cn bw males to cn bw females 

















Phenotypes SD line number 
Generation _ of progeny 1 5 8 9 36 72 
1 os 184 241 268 215 260 294 
cn bw 4 40 14 4 a 5 
2 + 482 405 474 436 425 567 
cn bw 20 33 3 24 14 3 
3 + 590 417 693 405 366 465 
cn bw 15 19 4 52 18 36 
+ + 295 443 344: 320 253 374 
en bw + 26 1 7 2 4 
Total + 1,551 1,506 1,779 1,376 1,304 1,700 
cn bw 43 118 22 87 37 48 

k* 0.97 0.93 0.99 0.94 0.97 0.97 
* k=recovered SD-bearing progeny/total recovered progeny. 


males, which produced 458 + and 373 cn bw progeny; a reduction of the mutant 
class paralleling that found in Table 2. The & value in this case is 0.55. Secondly, 
we may, in these experiments, ignore crossing over because the inversions in ITR 
maintain cn and bw in coupling throughout the experiments. Finally, since the 
segregation-distortion phenomenon does not manifest itself in females, it is 
necessary to test whether, in fact, the distorting property is still contained in these 
chromosomes. As a check on this point, SD/ cn bw males were collected in each 
generation of the test and crossed to cn bw females. The results of these crosses 
are presented in the lines labelled B in Table 2. These results show that SD was 
present in the heterozygous females throughout the test although the segregation- 
distortion phenomenon apparently manifests itself only in males. It may be 
mentioned that this means a control mating for any cross to test for this effect is 
simply the reciprocal of the test mating. 

It is, perhaps, worth pointing out in addition that these results mean only that 
no distortion is observed from heterozygous SD females. Because meiosis, and 
the fate of the meiotic products, is very different in male, as compared with 
female, Drosophila, it does not necessarily follow that the primary cytogenetic 
effect of SD occurs only in males. It is conceivable that the meiotic mechanics in 
females is such that this effect does not result in observable distortion in these 
particular experiments. 

One question that immediately suggests itself at this point is whether this effect 
is general for crosses involving heterozygous SD males, or whether it depends 
upon some specific property of the cn bw stocks. To check this, segregation ratios 
were tested in males carrying SD and a series of marked second chromosomes 
from various stocks. The exact matings and the results of these tests are given 
in Tables 3 and 4. 

In addition, it seemed desirable to check the effect of SD against some wild type 
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TABLE 2 
The results from recurrent backcrosses of (A) SD/cn bw females by cn bw males, 
and (B) SD/cn bw males by cn bw females* 
Phenotypes SD line number 
Generation of progeny 1 5 8 9 36 72 
(A) + 189 298 235 301 156 182 
cn bw 190 253 182 264: 149 174 
1 
(B) + 705 793 590 714 760 523 
cn bw +t 88 89 147 158 278 
7 (A) + 306 232 ©9219 304 ©1904 207 
cen bw 300 224 205 284 212 191 
) 
(B) + 703 574 556 565 504 571 
cn bw 26 50 122 73 22 56 
- (A) + 976 «= «194i 8Besti‘<‘é«zaTC~*«dN 238 
cn bw 268 219 230 191 99 202 
3 
(B) +- 571 404 615 515 638 258 
cn bw 47 32 71 78 75 67 
(A) + 210 193 3430—«(‘z34+~=~*~*«i OC 
4 
cn bw 186 155 238 155 186 179 
+ 981 917 1,030 912 728 841 
(A) cn bw 944 851 855 894 646 746 
k 0.51 0.52 0.55 0.53 0.53 0.53 
Total 
a 1,979 1,771 1,761 1,794 1,902 1,352 
(B) cn bw 117 170 282 298 255 401 
k 0.94 0.91 0.86 0.86 0.88 0.77 
* The heterozygous SD males used in (B) were sibs of the females used in (A). 
TABLE 3 
The results of crosses of SD/cn males x cn females 
Type and phenotype of progeny 
Line SD(+) SD* (en) k 
SD-1 711 142 0.83 
SD-5 1,012 91 0.92 
SD-8 1,051 17 0.98 
SD-9 859 133 0.87 
SD-36 830 82 0.91 
SD-72 1,193 +A 0.97 
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TABLE 4 


Crosses of males heterozygous for SD-5 and various second chromosomes marked by the mutant 
allele al, and the reciprocal matings 





Type and phenotype of progeny 











Cross SD(+) SD* (al) k 
all?/SD 22 xXaléé 164 156 0.51 
all?/SD 88 x al 2Q 265 90 0.75 
all!/SD2 2 xaléé 231 219 0.51 
all!/SD&8 6 x al 2Q 438 55 0.89 
al/SD2 2 xaléé 100 104 0.49 
al/SD8 é x al QQ 324 26 0.93 





all?=al dp b pr c px sp; all'=al bc sp. 


stocks. For this purpose (1) the lethal carried by SD-5 was used as a marker and 
(2) the fact that SD/In(2LR)Cy males do not show segregation-distortion (a 
point which will be developed in detail below) was utilized. The results of these 
tests are given in Table 5. In the control cross, SD-5/+ females by Cy/SD-5 
males, the ratio of Cy:+ does not differ significantly from the expected 2:1. 
Since this is true, it is very simple to show that, for the experimental set, 
k=1-2r/1-r where r is the ratio of wild type progeny to total progeny in the 
experimental set (cross of SD-5/+ males X Cy/SD-5 females). The & values thus 
computed are also shown in Table 5. 

From these results it is evident that segregation-distortion is a property of the 
SD-bearing second chromosomes which manifests itself when SD is heterozygous 
in males also carrying structurally normal second chromosomes, No such effect, 
however, appears when SD is carried by heterozygous females. The appearance 
of the effect against the lines here designated as Wild-1, 2, and 3 is particularly 
significant because these are a sample of the wild type chromosomes recovered 
from the same wild population as were the SD chromosomes themselves. 


TABLE 5 


The results from crosses of (A) SD-5/+ females by Cy/SD-5 males and 
(B) SD-5/+ males by Cy/SD-5 females 











Phenotype Line 
Cross of progeny Canton-S Wild-1 Wild-2 Wild-3 
A Cy 1,423 334 218 164 
+ 654 167 116 85 
B Cy 1,126 339 291 372 
/ 291 51 65 50 
k 0.80 0.85 0.78 0.87 





The method for computing & for these experiments is given in text. Wild-1, 2, and 3 are three wild type lines derived 
from the same population as were the SD-bearing chromosomes; Canton-S is a standard laboratory inbred strain. 
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Isolation and positioning of SD 


It is immediately clear from line SD-72, which is lethal free, that the lethal 
carried by the other SD lines is unnecessary for the segregation-distortion effect. 
All of the lines, however, carry at least one inversion in IIR and it is not at all 
clear that the segregation-distortion property is not, in fact, a consequence of the 
inversion itself. This matter has been resolved by the fact that, although recombi- 
nation was greatly reduced in all female SD heterozygotes, occasional recombi- 
nants are recovered from heterozygous SD-7 2. In all of the experiments only one 
recombinant from a line other than SD-72 (namely R(SD)-1 from SD-36) has 
been recovered, but 11 recombinants have been obtained from line SD-72. The 
cross from which these recombinants have been obtained and a genetic analysis 
of them are given in Table 6. 

There are two points to be noted. First, the fact that SD-bearing recombinants 
lacking both lethals and inversions can be recovered indicates that segregation- 
distortion is a genic rather than a gross structural property. (Segregation-distor- 
tion is, therefore, a case of genic meiotic drive according to the definition of 
SANDLER and Novitsk1 1957). One such line, R(SD)-4, has been examined in 
salivary gland preparations and has been found to be free of detectable inversions. 
The test for the presence of inversions in the other recombinant lines was genetic 
(i.e., by crossing over suppression). The locus indicated by this analysis has been 
named segregation-distorter (symbol SD). 

A second point of interest in these recombinants (we focus our attention only 
on those coming from SD-72) is that those which are phenotypically bw when 
recovered have, in all cases, lost the inversion but retained the SD locus. Con- 


TABLE 6 


A tabulation of the recombinants recovered from SD/cn bw females crossed to cn bw males; 
+ indicates presence, — indicates absence 











SD-effect* 

Recombinant Phenotype Source Inversion Lethal SD SD+ 
R(SD)-1 bw SD-36 + ++ +- 910 110 
-2 bw SD-72 — +t 923 417 

-3 en SD-72 + — — 498 446 

—4 bw SD-72 — + 251 8 

a bw SD-72 ai = rf 154 9 

-6 bw SD-72 — = ++ 408 165 

—7 bw SD-72 — -- + 159 16 

-8 bw SD-72 ~- — + 272 95 

9 bw sD-72 a pa rs 175 12 

—10 en SD-72 + — -- 188 184 

-11 en SD-72 + a -- 35 38 

-12 en SD-72 + — — 105 114 





* The test for segregation distortion was performed in the obvious way; the numbers given are the results of these tests. 
+ Since these recombinants without the inversion were each recovered in females, some of the apparent SD-bearing 
males recovered had apparently lost SD; this is the reason for the lower & values. 
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versely, those which are phenotypically cn when recovered have retained the 
inversion but lost SD. It seems most probable from this that the locus of SD is 
near the centromere; specifically near cn which is 2.5 standard crossover units to 
the right of the centromere. 

A more precise method of positioning SD is as follows: females of the constitu- 
tion R(SD)-4/pr cn were crossed to cn bw males. In the F,, cn+ males (either 
bw or bw+) were collected and crossed individually to cn bw females, and segre- 
gation-distortion was measured. The cn+ sons of any male which did not show 
distortion (and was therefore presumably a crossover between cn+ and SD) were 
crossed to pr cn females to determine, first, whether in fact segregation-distor- 
tion was absent and, second, whether the SD-bearing recombinant chromosome 
had acquired pr. The number of recombinants gives directly the crossover dis- 
tance from the cn locus, and the acquisition or nonacquisition of pr by the re- 
combinant tells the direction from cn that SD lies, since pr, itself, is three units 
to the left of cn. The results were as follows. Of 183 cn+ chromosomes tested, all 
but one also carried SD. Of the noncrossovers, 84 were tested (as a check on the 
method) for the acquisition of pr, but none had acquired this marker. The one 
crossover, however, did carry pr. Thus it is possible to conclude that SD is close to, 
but to the left of, cn. Now, since cn itself is only 2.5 units to the right of the centro- 
mere, it seems reasonable to conclude that SD is either in or very near the centro- 
meric heterochromatin of the right arm of chromosome II. 


Tests for zygote mortality 


From the foregoing it has been established that SD is a locus which is either in 
or near the proximal heterochromatin of chromosome II and which has the effect 
of appearing among the progeny of heterozygous SD males much more often than 
expected from simple Mendelian considerations. The first possibility that sug- 
gests itself is that SD somehow causes SD+-bearing zygotes to die. This is im- 
mediately unlikely because reciprocal crosses, which of course produce the same 
initial zygotic array under the hypothesis of zygote mortality, do not exhibit 
segregation-distortion. A direct test is available, however. Two such experiments 
were carried out. In the first case, males heterozygous for SD-5 or SD-72 and cn 
bw were crossed to cn bw females. Eggs and adults were counted. The reciprocal 
matings are used as controls. The results are tabulated in Table 7. 

From the results in this table, it is clear that the differences in egg hatch are not 
nearly sufficient to account for the inequality in the complementary adult classes 
from the experimental set if these differences are considered to result from zygote 
mortality. However, the over-all egg hatch is low (due, it appears from inde- 
pendent checks, to an inherently low hatchability of the cn bw stock). Accord- 
ingly, the following additional test was made. Heterozygous males of the consti- 
tution SD-5 /Canton-S were crossed to Canton-S females and eggs and adults were 
counted. The reciprocal cross was also made. These results are also given in 
Table 7. Although SD and SD* are not, in this experiment, distinguishable, the 
males used were sibs of those SD/Canton-S males used in the test recorded in 
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TABLE 7 


Egg-hatch tests for zygote mortality among the progeny of SD-bearing males 














Adults recovered 

Percent 

Cross Eggs en bw + hatch 

SD-5/cnbw 22 X cnbw ¢ 6 627 160 197 0.57 

SD-5/cn bw 8 § X cnbw 2 2 717 11 348 0.50 

SD-72/cnbw 22 Xcnbw é 6 519 172 171 0.66 

SD-72/cn bw 6 8 X cnbw 2 2 492 0 255 0.52 

SD-5/Canton-S 2 2 x Canton-S ¢ ¢* 752 aa 677 0.90 

SD-5/Canton-S ¢ x Canton-S 2 9 769 ahs 704 0.92 

* These males are sibs of those tested for segregation-distortion, the results from which were tabulated under ‘‘Canton-S”’ 

in Table 5. It was shown there that the & value for these males was 0.80. 


Table 5 in which the phenomenon of segregation-distortion is demonstrated. It 
seems certain, therefore, that segregation-distortion is operative here, and further 
that the high egg hatch, 92 percent, effectively rules out the possibility that the 
phenomenon is due to zygote mortality. Thus it appears clear that SD-bearing 
gametes are either produced in excess of SD+-bearing gametes, or that the two 
kinds of gametes are produced with equal frequency but a high proportion of 
SD*+ gametes are, for some reason, nonfunctional. 


The dependence of SD on synapsis 


Although it has been established that SD will cause distortion when heterozy- 
gous with any structurally normal chromosome in a male, it had been noticed 
that in SD stocks balanced against the second chromosome inversion, J/n(2LR) 
Cy, the phenomenon of segregation-distortion appeared suppressed. This was 
tested explicitly by scoring the progeny of crosses of SD/In(2LR)Cy males by cn 
bw females, and, as a control, the reciprocal cross. The results of these experi- 
ments are given in Table 8. It is clear that the Cy inversion does, indeed, suppress 
segregation-distortion. 

It seemed possible that this suppression of segregation-distortion by the Cy in- 
version came about because of the particular inversions in the Cy chromosome. 
Accordingly, a series of experiments similar to that with Cy was performed with 
another inversion, /n(2LR)Pm*. The results of these experiments are given in 
Table 9. Here again the suppression of distortion is obvious. 

One possible way of interpreting these results is that the SD-bearing chromo- 
some II must pair with its homolog (at least in the region of the SD locus) im 
order that it may cause distortion. In order to test this notion, a series of crosses 
was made using (as a source of SD) either SD-5 or R(SD)-1, each of which con- 
tains two inversions in IIR (but which nevertheless shows distortion), and R 
(SD)-4, which is structurally normal. These chromosomes were made hetero- 
zygous with two inversion lines, Jn(2LR)Cy and In(2LR)Pm’, and also two 
translocation lines, T(Y;2)C and T(2;3) bw”. The Y-II translocation has its 
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TABLE 8 


The results from crosses of (A)SD/In(2LR)Cy males x cn bw females and 


(B) the reciprocal crosses 
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Phenotype of progeny 














Line Type of cross Cy + k 
SD-1 A 408 361 0.47 
B 307 308 0.50 
SD-5 A 298 301 0.50 
B 345 322 0.48 
SD-8 A 436 369 0.46 
B 299 282 0.49 
SD-9 A 295 307 0.51 
B 402 338 0.46 
SD-36 A 278 269 0.49 
B 338 350 0.51 
SD-72 A 257 232 0.47 
B 339 294 0.46 
Total A 1,972 1,839 0.48 
B 2,030 1,894 0.48 
TABLE 9 


The results from crosses of (A)SD/In(2LR) Pm? males x cn bw females and 


(B) the reciprocal crosses 





Phenotype of progeny 











Line Type of cross Pm? + k 
SD-1 A 502 518 0.51 
B 238 220 0.48 
SD-5 A 319 390 0.55 
B 91 91 0.50 
SD-8 A 267 273 0.51 
B 94 85 0.47 
SD-9 A 1,082 964 0.47 
B 341 293 0.46 
SD-36 A 178 215 0.55 
B 177 162 0.48 
SD-72 A 372 372 0.50 
B 186 144 0.44 
Total A 2,720 2,732 0.50 
B 1,127 995 0.47 





breakpoint in II near the centromere; the T(2;3) is broken in II at bw and near 
the centromere in chromosome III. The results of these crosses are given in 


Table 10. 


It will be seen from these results that in the case of the Cy and Pm? inversions, 
suppression of distortion occurs even if the SD-bearing chromosome is structu- 
rally normal. In the case of T(Y;2)C, which has, in common with the Cy and 
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TABLE 10 


The results from crosses of heterozygotes for SD and various chromosome aberrations 





Number of 
Genotype of progeny carrying 
‘Male parent Female parent == - SD SD k 
In(2LR)Cy/SD-5 cn bw 301 298 0.50 
cn bw In(2LR )Cy/SD-5 322 345 0.48 
In(2LR )Cy/R(SD )-4 cn bw 338 513 0.40 
cn bw In(2LR)Cy/R(SD)-4 282 361 0.44: 
T(Y;2)C/R(SD )-1 cn bw 139 111 0.56 
T(Y;2)C/pr cn* pren 312 322 0.49 
T(Y;2)C/R(SD )4 cn bw 613 653 0.48 
T (2;3) bw*4/SD-5 cn bw 376 322 0.54 
cn bw T (2:3) bw4/SD-5 257 260 0.50 
T(2;3)bw4/R(SD )4 — 1,541 960 0.62 
In(2LR )Pm?/SD-5 cn bw 390 319 0.55 
cn bw In(2LR )Pm?/SD-5 91 91 0.50 
In(2LR)Pm?/R(SD )-4 + 1.016 1,041 0.49 





For a description of the aberrations used, see text 
* In this case, replacing an SD-bearing chromosome with a normal one is a more convenient control. 


Pm? inversions, a breakpoint near the centromere of chromosome II, distortion is 
also suppressed irrespective of the structure of the SD-bearing chromosome. The 
bw** translocation, however, with a distally positioned breakpoint, shows no dis- 
tortion over the inverted SD chromosome, but a reduced distortion effect when 
heterozygous with the structurally normal R(SD )-4. 

Since a breakpoint in the vicinity of the centromere, and therefore in the 
vicinity of the SD locus, seems to suppress the segregation-distortion phenome- 
non, while distal breakpoints have a lesser effect, it seems that the most reason- 
able interpretation is that pairing in the region of SD is requisite for segregation- 
distortion. Additional development of this point will be given in later sections 
of this report. 


On the specificity of action of SD 


A question which must be considered is whether the aberrant segregation 
ratios obtained in the SD lines are confined to the second chromosome pair, or 
whether there is some general effect on the entire complement. To test this, males 
heterozygous for SD and the second chromosome recessive, al, and also a third 
chromosome recessive, ru, were crossed to al/al; ru/ru females. The sex chromo- 
some segyegation can be measured by the sex ratio. The progeny from this cross 
and the control (the reciprocal cross) are tabulated in Table 11. From the results 
of these crosses it can be seen that segregation-distortion is confined to the 
chromosome pair that is heterozygous for SD. There is, of course, the unlikely 
possibility that every chromosome except that carrying SD is distorted with 
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exactly the same frequency so that no distortion is observed except in chromo- 
some II. 

An analogous question may be raised about the data presented in the pre- 
ceding section. There it was shown that certain chromosome aberrations in- 
volving chromosome II reduced or eliminated segregation-distortion. It is there- 
fore pertinent to inquire whether it is necessary for the aberration to involve the 
second chromosome in order that segregation-distortion be reduced, or whether 
any aberration is sufficient. For this purpose, males of the constitution SD-5 /cn 
bw carrying also Ubx'*’/* were crossed with cn bw females. The reciprocal cross 
was also made. The Ubx inversion is an extremely complex third chromosome 
rearrangement. From the control cross, 135 + progeny to 130 cn bw progeny 
were recovered, while the progeny from the experimental cross included 204 + 
F, to only a single cn bw fly. Thus it appears that the effect of aberrations is 
really a mechanical one, presumably, as suggested in the last section, related to 
synapsis in the SD region of chromosome II. 


A demonstration of gamete elimination 


One possible genetic basis of segregation-distortion arises by analogy with the 
well analyzed case of “sex ratio” in Drosophila pseudoobscura and related species 
(GERSHENSON 1928; SruRTEVANT and DoszHaNsky 1936). In these cases, males 
carrying the so-called “‘sex ratio” X chromosome produce only X-bearing sperm 
because, during meiosis, the X chromosome replicates (and divides equationally ) 
at each meiotic division, while the Y chromosome is eliminated from the cells. 
This means that all, rather than half, of the sperm carry an X chromosome. An 
extra replication of SD-bearing second chromosomes and an elimination of the 
SD*-bearing chromosomes would result in segregation-distortion. It might be 


TABLE 11 


The results from a cross of (A) al/SD; ru/+ males by al/al; ru/ru females, and (B) 


the reciprocal cross 








Progeny from cross 
Phenotype ee 
of progeny A B 
4+ 358 142 
+2? 339 148 
alg ¢ 31 114 
al? Q 23 127 
rug 4 318 142 
ru@ 2 301 122 
alrud ¢ 31 109 
alru@? 2 28 113 
66:22 738:691 507:510 
al:al+ 113:1,316 463:554 
ru:ru+ 678:751 486:531 
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noted that an extra replication alone is sufficient to give distortion, but this dis- 
tortion would be accompanied by zygote mortality, due, in this case, to aneu- 
ploidy. Since there is demonstrably no zygote mortality, elimination of the nor- 
mal second chromosome is a necessary conccmmitment of an extra replication of 
the SD-bearing second chromosome. The question then is to distinguish between 
segregation-distortion arising by virtue of (a) an extra replication of SD-bearing 
chromosomes with elimination of SD+-bearing chromosomes and (b) the remain- 
ing alternative, namely, that the meiotic products which receive SD+ are, very 
often at least, nonfunctional. The experimental distinction between these possi- 
bilities can be made by considering the consequences of the two hypotheses from 
a male carrying an SD-bearing chromosome and a translocation between the Y 
chromosome and chromosome II. The normal disjunctional pattern in such a 
male will be a separation of the SD-bearing chromosome II and the X chromo- 
some from the T(Y;2). If, in addition, there is segregation-distortion, it can come 
about either because (according to the hypothesis of extra replication) there is 
some proportion of meioses in which the separation is SD + X from SD, or be- 
cause (according to the alternative hypothesis) there is some proportion of mei- 
oses in which SD + X separates from what will be a nonfunctional gamete. Ac- 
cording to the first assumption, the ratio of males to females (or X’s to non-X’s) 
will, of course, be the expected 1:1 (since, indeed, if all four meiotic products 
function, in the absence of extra replication, exactly half of the gametes will 
carry any given chromosome) whereas, according to the second assumption, 
there will be produced a large excess of females due to the nonrandom elimination 
of T(Y;2)-bearing (or non-X-bearing) gametes. The two hypotheses are sche- 
matically represented in Figure 1. The translocation used is designated T (Y;2) J, 
whose breakpoints in chromosome II are one near the base. and the other near 
the tip, of ITR (near 41A1 and 57F1 on the salivary map) giving the order Y; 
57F1 to 41A1; 57F2 to the tip of IIR (Bripces and WuittIncHILL in WuiITTING- 
HILL 1937). The results of these experiments are given in Table 12. These re- 
sults show clearly that segregation-distortion involves the nonproduction or non- 
functioning of SD+-bearing gametes. 

One possible ambiguity in these results has been pointed out by Dr. E. Grex. 
If the appropriate mechanism of segregation-distortion is the elimination of the 
SD+-bearing chromosome with an extra replication of the SD chromosome, but 


TABLE 12 


The results from crosses of T(¥;2)J/R(SD)-1 males and T(Y;2)J]/R(SD)-—4 males 
by cn bw females, and of T(Y;2)J/cn bw males X cn bw females 














Regular progeny Exceptional progeny 
Constitutior 
of meme aaa +o (cn) bw 92 (cn) bw oo +99 k 
T(Y;2)J/en bw 196 163 5 4 0.45 
T(Y;2)J/R(SD)-1 70 308 8 3 0.81 


T(Y;2)J/R(SD)-4 26 451 25 11 0.93 
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torted tion: lethal 
Distorted Segregation: X+SD<»SD X+SD~-> cometocyte 


Ficure 1.—A schematic representation of the experiment designed to distinguish between 
segregation-distortion resulting from (A) an extra replication of the SD-bearing chromosome 
with elimination of the homologous chromosome and (B) the lethality of SD+-bearing gametes 
or gametocytes. 


that such elimination, in the case of T(Y;2)J, occurs only for the SD+-bearing 
part of the translocation, then the results would mimic those resulting from 
gamete mortality. This is only true, however, provided that the other portion 
of T(Y;2)J and the X chromosome form a nearly perfectly disjoining bivalent. 
If they do not, then there should be an increase in the proportion of exceptional 
male progeny, hecause whenever the non-eliminated piece of the translocation 
and the X chromosome nondisjoin, an exceptional male is produced. Although 
no such increase in exceptional males has been noted, the one ambiguity con- 
sidered above remains. 

The meaning, in general, of these results with respect to the idea that synapsis 
in the region of SD is a necessary condition for segregation-distortion is not im- 
mediately evident. It would seem that if the notion is correct, then it must be 
that the breakpoint in II that is near salivary band 41A1 is distal to SD so that, 
in this translocation, pairing at SD is reasonably normal. This particular matter 
has yet to be resolved. 


A cytogenetic model of segregation-distortion 


From the foregoing, the following points may be made: (1) the phenomenon 
of segregation-distortion depends upon a genetic entity located in or near the 
centrometric heterochromatin (most probably of the right arm) of chromosome 
II, (2) the phenomenon manifests itself only in heterozygous males, never in 
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females, (3) synapsis in the SD region of chromosome II is probably a necessary 
prerequisite for the effect, and (4) the effect comes about, most probably, as the 
result of non-functioning or elimination of gametes or gametocytes, not carrying 
the SD element, most likely sometime during spermiogenesis. 

The problem of a model for the cytogenetic basis of segregation-distortion re- 
quires consideration, and there are a number of possibilities. First of all, it is 
possible that the functioning of SD+-bearing sperm from heterozygous males is 
impaired compared with SD-bearing sperm. This seems very unlikely, both 
because it is the “normal” sperm which must function abnormally, and also be- 
cause it is well established in Drosophila that the functioning of sperm is inde- 
pendent of the genetic content of the sperm. One experimental test for the pos- 
sibility of sperm competition, however, has been performed. A series of cn bw 
females were individually inseminated by males of the constitution SD-5 /cn bw. 
Both males and females were less than 48 hours old at the time of insemination. 
After allowing the parents to remain together for 48 hours, the males were dis- 
carded and the females put, in unselected groups, into new culture bottles. The 
females were then transferred to new cultures every 24 hours and the é value 
at each transfer determined. Any systematic change in & values with time, in this 
experiment, would have had to be the result of selection in mature sperm. No 
such change was found, but negative results, in this case, are not in any sense 
critical. It is perhaps worth noting that this experiment is, in some respects, 
analogous to those of BrapEN (1958) on the phenomenon of “segregation ratio” 
in the house mouse. BrADEN found that the segregation ratios from male mice 
carrying certain ¢ alleles could be very drastically altered by varying the time of 
coitus in relation to the time of ovulation. He concludes from this that the mecha- 
nism of segregation ratio is physiological rather than cytological. If this is true, 
then the phenomena of segregation ratio and segregation-distortion are funda- 
mentally different in spite of a close operational similarity. It is, however, con- 
ceivable that a meiotic (i.e., cytological) mechanism could have a delayed effect 
on sperm function. 

If it is accepted that sperm competition is not a reasonable explanation for 
segregation-distortion, then it must be that at the time of meiosis, cells which re- 
ceive the “normal allele” of SD are rendered incapable of proceeding normally 
through spermiogenesis. It seems here that there are two possibilities: (1) it 
could be that there are regularly produced, during spermatogenesis, nonfunc- 
tional male gametes into which SD+-bearing chromosomes are non randomly 

" segregated or (2) it is possible that gametocytes (or still, perhaps gametes) are 
rendered nonfunctional because they receive SD+-bearing chromosomes. The 
former explanation is essentially that given by Novirsk1 and Irts SANDLER 
(1957) to explain a case of unequal recovery of complementary meiotic products 
among the progeny of T(1;4) B* males. The case of the B* translocation, however, 
differs from segregation-distortion in that the complementary chromosomal types 
produced from B* males are structurally different from one another, and, in fact, 
it is precisely these structural differences that are postulated by Novirsk1 and 
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SANDLER to account for the nonrandom inclusion of certain of the types in the 
functional gametes. In the case of segregation-distortion, on the other hand, the 
complementary chromosomes, are, as far as can be determined, structurally 
identical; thus, although the hypothesis of what are essentially polar bodies pro- 
duced during spermatogenesis cannot be genetically ruled out as the basis of 
segregation-distortion, the idea that gametocytes are rendered nonfunctional by 
SD*-bearing chromosomes must be more seriously considered. 

Since male gametocytes and gametes are known to be relatively unaffected by 
their chromosomal content. some special mechanism for the lethal effect of SD+ 
must exist. One such is as follows: when, in the male, SD pairs with SD* at pro- 
phase I, there results a break in the SD*+-bearing chromosome, perhaps opposite 
the SD allele. This break becomes a sister-strand fusion which produces a chro- 
matid bridge at anaphase II. Either the bridge itself or a breakage product of it 
can be imagined to cause the death or nonfunction of the resulting cells; that is, 
the cells are rendered incapable of proceeding normally through spermiogenesis. 
A schematic representation of this hypothesis is given in Figure 2. 
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Ficure 2.—A formal cytogenetic model to account for segregation-distortion. 





—————-—-+ Sperm 


Although no genetic tests of this notion suggest themselves, there are definite 
cytological expectations. First of all, it would be expected that at the anaphase 
of the second meiotic division. bridges would be found in a substantial (although 
slightly less than half) proportion of the division figures. In the second place, it 
might be possible to observe directly the dicentric at metaphase II. Both of these 
possibilities have been realized in a preliminary cytological study. Second meiotic 
divisions have been studied by testis smears of late larval instars stained with 
aceto-orcein. Although no attempt at quantification has yet been made, figures 
that were interpretable as dicentrics were commonly seen at metaphase II, and 
chromatid bridges were observed in early anaphase II figures. It should be noted, 
however, that none of the expected acentrics at anaphase I were observed. 
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A number of interesting inferences are possible as a consequence of the exami- 
nation of these figures. First, the relative constancy of the size of the interstitial 
regions observed suggests (but only suggests) that SD causes breaks in its homolog 
at one, or at most a few, definite points. There is, in fact, one line of genetic evi- 
dence that suggests that the breakage may occur almost exclusively at SD*. 
Males of the constitution SD-72/SD-5 were crossed to SD-5/In(2LR )Cy females. 
As a control, the reciprocal cross was made. From the experimental set, 345 Cy 
and 187 + F, were recovered, while from the control, 369 Cy to 216 + F, were 
observed. It is evident that there is no genetic evidence for any distortion in such 
homozygous SD males. It is of course possible that each SD chromosome breaks 
the other with the same frequency, so that no net distortion is noted. However, 
these males were fully fertile which would perhaps be odd if each chromosome 
were eliminating the other at the same rate that each eliminates a normal chromo- 
some. If it is accepted that one SD-bearing chromosome does not affect another, 
it seems most reasonable to suppose that the SD locus must pair with a specific 
SD+ element in order to operate, and will not act when paired with any hetero- 
chromatic chromosome segment. If this is true, then it seems likely that the 
break occurs at the locus of this element. 

From the cytological observations, it has been observed that a chromosome 
element that is interpreted as the acentric fragment produced by the sister fusion 
almost always (and indeed invariably if only completely interpretable figures of 
both metaphase II and anaphase I are considered) finds itself on the second 
metaphase plate. This, of course, explains their absence on the anaphase I plate. 
This suggests that perhaps the process does not really result in a “break” in the 
sense of a chromosome bridge fracture or an irradiation induced chromosome 
break, but is, rather, a misreplication of some sort which does not really “come 
apart” until the second division. In fact, the chromatin bridges formed apparently 
fracture regularly very early in anaphase; that is to say, late anaphase figures 
rarely showed bridges whereas bridges were observed in early anaphases. Oc- 
casionally, however, what appeared to be a remnant of a fractured bridge could 
be seen extending from the anaphase grouping in late anaphase figures. It is 
reasonable to suppose, therefore, that true anaphase bridges are not formed and 
that the apparent bridges are merely the result of a sticking of the “broken” ends. 
There is evidence in Drosophila that double dicentrics, at least, do not break at 
meiotic anaphase II in males until a fairly late stage (WrELsHONs and HInTon 
1955; We.sHons, personal communication). 

The total cytogenetic evidence collected suggests very strongly that the ex- 
planation for segregation-distortion given here is at least formally correct, but it 
should be realized that the cytological analysis is only in a preliminary stage. 

There is one final point that is perhaps worth making. The phenomenon of 
segregation-distortion is, directly, a case in which a genetic entity located on some 
chromosome influences the behavior of an element or elements located on a dif- 
ferent chromosome. The system is thus analogous to “Ac-Ds-like” systems in 
maize (McCuirntock 1951, 1956). If the hypothesis to explain the cytogenetic 
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basis of segregation-distortion which has been presented here proves to be correct, 
then the obvious analogy is that SD is an Ac-like element and the point or points 
on the SD+ chromosome which are subject to breakage are DS-like elements. 
Such an analogy is immediately and obviously very fruitful in suggesting 
numerous experimental approaches bearing on the question of just how far this 
analogy may be carried. 


SUMMARY 


A genetic element located in or near the proximal heterochromatin of the right 
arm of chromosome II has been recovered from a natural population of Dro- 
sophila melanogaster. This genetic entity is called segregation-distorter (SD). 
The following properties of SD have been established: (1) When heterozygous 
in a male with a structurally normal chromosome, it is recovered from five to 
ten times as often as its homologous chromosome; (2) No such effect is apparent 
in females; (3) Some structurally abnormal chromosomes will suppress the 
effect; the interpretation of this is that normal synapsis, particularly in the 
region of SD, is necessary in order that segregation-distortion manifest itself; 
(4) The results can be shown to come about as the result of SD+-bearing gametes 
being rendered nonfunctional and (5) A cytogenetic model has been put forth 
to explain these results. The model assumes that SD causes a break, probably at 
SD*+, which undergoes a process which may be formally considered a sister- 
union and forms a bridge at anaphase II. This bridge, or more likely bridge break- 
age products, is lethal to the resultant cells thus causing an excess recovery of 
SD-bearing chromosomes. Preliminary cytological confirmation of this hypothe- 
sis has been collected and is described in text. 
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| qremanaagnia interchange heterozygosity is not a common phenomenon. Its 

success depends on conditions of two kinds, those internal and those external 
to the organism. The failure of interchange heterozygotes is generally attributed 
to their semisterility. Their fertility depends on such internal factors as the de- 
gree of multiple association and the orientation of the multiples at metaphase of 
meiosis. These, in turn, are affected both by structural properties of the chromo- 
somes and by various genotypically controlled aspects of chromosome behaviour. 
for example localization and terminalization of chiasmata. These are subject to 
selection, but the initial reproductive efficiency of an interchange heterozygote 
will depend largely on the genotypic and chromosomal properties of the type 
which produce it. 

Given that these preadaptations are favourable, the objection of semisterility 
in interchange heterozygotes is largely removed. Preadaptation can thus account 
for the persistence of interchange heterozygotes in populations: but it does not in 
itself account for their selective superiority in certain populations. 

In all the well examined and best understood cases, like Campanula and 
Oenothera, it has been found that the establishment of interchange heterozygos- 
ity is favoured by a change from outbreeding to inbreeding (DARLINGTON and 
La Cour 1950). The nature of the breeding system depends both on genetic 
factors (incompatability systems, sex chromosome mechanisms, etc.) and on 
those factors external to the organism which govern the distribution and density 
of populations of a species. 

Many plants are monoecious and can be. or become, self-fertilizing. In most 
animals, however, the sexes are separate and inbreeding to this extent is not pos- 
sible. Furthermore plants are immobile while animals in a more active sense 
choose their environment (DarLincTon 1956a). These differences are probably 
the most important in determining the greater incidence of interchange heterozy- 
gosity in plants as compared with animals. 

We have recently described wild and laboratory popuiations of the American 
cockroach (Periplaneta americana) where interchange heterozygotes are at a 
selective advantage (Lewis and JoHn 1957b; JouHn and Lewis 1958). In this 
species the genetic and structural preadaptations are favourable, the interchange 
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heterozygotes are fertile and the populations are inbred. This account deals with 
a similar situation in Blaberus discoidalis (Serville). 


MATERIAL 


Blaberus discoidalis is the most widely distributed species of the genus in the 
West Indies. It is known from all the Greater Antilles and Vieques Island (REHN 
and Hexsarp 1927). Material for this investigation was kindly supplied by Dr. 
Petrer Brunet, Department of Zoology and Comparative Anatomy, University 
Museum, Oxford, England. The history of the culture since it came into Dr. 
BRUNET’s possession is as follows: 

The culture was started on 21st October 1954. Of 50 individuals received 29 
died within ten days. Thereafter the culture has thrived. Its numbers often ex- 
ceed many hundreds and periodically—at least once every sexual generation— 
the numbers are drastically reduced to below 100. This makes for greater in- 
breeding. There is also some indication that the culture was inbred to some ex- 
tent before it reached Dr. BruNEtT. The material was obtained from ProFressor 
N. Mitiortr who was then at the Department of Zoology, University College, 
Mona, Jamaica. Proressor MiL.ort, now at Bedford College, London, informs 
us that this material probably came from his laboratory cultures. These were 
used for class and consequently were also subject to a periodical decrease in size. 
We are justified in concluding therefore that the material examined by us is 
inbred. 


METHODS 


The investigation was carried out on nymphal and imaginal males. The testes 
in B. discoidalis are situated below abdominal tergites 7 and 8. Each testis is com- 
posed of a series of oval follicles invested by a common membrane. Following 
vivisection in insect saline (Baker 1950) the investing membrane was re- 
moved and the follicles fixed in 1:3 acetic-alcohol. Squash preparations were 
made with acetic-orcein and aceto-carmine. A number of individuals were pre- 
treated for 1-2 hours with injections of an 0.05 percent solution of colchicine in 
saline (cf. Joun and Lewis 1957). 


OBSERVATIONS 


The chromosome number in the male is 37. As in all roaches so far examined 
the X chromosome is unpaired. The centromeres are median to subterminal in 
position. 


The autosomes 


From leptotene to diakinesis (Figures 1-6) the segments on each side of the 
centromeres are more condensed than the distal segments; this also occurs in 
Blaberus fuscus (SUOMALAINEN 1947). This difference can sometimes be seen 
at even later stages and is apparent at interkinesis too (Figure 30). The leptotene 
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Ficures 1-6.—Prophase of first division of meiosis (ca. 1250 X ). Ficure 1. Polarized leptotene, 
X chromosome arrowed. Ficure 2. Polarized zygotene, note that the precociously condensed 
autosome segments (arrows) are unpaired. Note also orientation of the X chromosome (arrow). 
Ficure 3. Pachytene, X chromosome bottom left of nucleus. Figure 4. Diplotene with persistent 
chromocentres (arrows). Figure 5. Diplotene showing two multiple associations of four (arrows). 
Figure 6. Diakinesis, one multiple association of four and two X univalents (arrows). 














254 B. JOHN AND K. R. LEWIS 


nucleus is polarized: the proximal regions are directed towards one side of the 
nucleus, the chromosome ends towards the opposite side. This leptotene polariza- 
tion may facilitate pairing. It disappears when pairing is complete and is not 
followed by a bipolarized pachytene as in P. americana. 

The precocious segments near the centromere are the last to pair (Figure 2). 
They sometimes associate nonspecifically to form a variable number of chromo- 
centres which may persist until diplotene (Figure 4). 

Chiasmata have never been observed in the precocious segments. However 
there is cbservational evidence for chiasma formation in the distal segments (Fig- 
ures 4, 6, 9, 10 and 22). This evidence is similar to that which we have already 
presented in P. americana (Lewis and JoHn 1957a; JoHn and Lewis 1957). 

After pairing the chromosomes contract. As might be expected the extent of 
this contraction is greater for the distal segments than for the proximal segments 
which are already contracted to a considerable extent. Contraction is accom- 
panied by repulsion between homologous centromeres. This leads to the opening 
out of the parallelly paired homologues. At diplotene and diakinesis these are as- 
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Ficures 7—10.—Bivalent development (ca. 3000 x). Figure 7. Pachytene. Ficure 8. Diplo- 
tene. Ficure 9. Diakinesis. Ficure 10. Prometaphase. 








Ficures 11-13.—Structure of the nucleolar organizing autosome (ca. 3000 x). 
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sociated terminally or subterminally as ring or rod bivalents (Figures 7-10). 
There is a slight premetaphase stretch but this is not comparable in extent to 
that found in Periplaneta (Figures 18 and 19) and in B. discoidalis it occurs after 
diakinesis and not after pachytene. 

The meiosis in male B. discoidalis is unusual for an orthopteran in that a 
nucleolus is present at prophase. This is organized in the short arm of an auto- 
some. This arm stains rather more intensely than is characteristic for the distal 


autosome segments but it is not regarded as part of the precocious region adjacent 
to the centromere (Figures 11-13). 


The sex chromosome 


The appearance of the X chromosome is also unusual for an orthopteran in 
that it is not completely heteropycnotic at the male meiotic prophase (Figures 
14-16). At leptotene it appears in a peripheral position as a ‘closed’ chromosome 
(Figures 1 and 2). It has a pronounced positively heteropycnotic region directed 
away from the polarized precocious segments of the autosomes. A constriction is 
often apparent in the ‘euchromatic’ region directed towards the same focus of 
polarity as the autosomal centromeres (Figure 1). This ‘euchromatic’ region, 
however, approaches the staining intensity of the autosomal short arm contain- 
ing the nucleolar organizer. 

As is usual in the group, the X chromosome passes undivided to one pole at 
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Ficures 14—17.—Structure of the X univalent (ca. 3000 x). 


Ficure 18.—Early prestretch, nucleus heterozygous for three independent interchanges 
indicated by arrows (ca. 1250 x). 











256 B. JOHN AND K. R. LEWIS 


first anaphase and divides, sometimes precociously, at the second meiotic division 
(Figure 31). 
Interchange heterozygotes 
Twenty-five individuals were examined and of these 23 were heterozygous for 
one to four interchanges (Table 1, Figures 21-25). The coefficient of interchange 
TABLE 1 


The incidence of interchange heterozygosity in an inbred laboratory population of 
Blaberus discoidalis 





No. of heterozygous interchanges Total inter. het 
0 1 2 + 41 
1.64: 
2 10 9 3 { 5 
No. of individuals Total 
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Ficures 19-20.—(ca. 1250 x). Figure 19. Recontraction following premetaphase stretch in a 
nucleus with one disjunctioual ring of four chromosomes. Figure 20. Metaphase I showing two 
disjunctional rings of four chromosomes. 
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heterozygosity, i.e., the average number of heterozygous interchanges per indi- 
vidual, is 1.64. 

The interchanges have the following properties: 1. All are autosomal and 
involve metacentric chromosomes. 2. In every case interchange has occurred in 
the precocious segments adjacent to the centromere (Figures 26-29). 3. The 
multiples observed are invariably even and almost always closed. 4. The degree 
of multiple formation is variable but often high (Tables 2 and 3), and 5. The 
evidence available from the three individuals examined (Table 4) suggests a 
preferential disjunctional orientation of the multiples (Figures 19 and 20). 


Ficures 21-25.—All cells from colchicine treated material. Multiple associations arrowed 


(ca. 1250 X). Figure 21. 18 II + X. Ficure 22. RIV + 16 II + X. Fieure 23. 2 RIV + 14 II+ X 
Ficure 24. 3 RIV + 12 If + X. Ficure 25.4 RIV + 1011 + X. 
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Figures 26-27.—Two morphologically distinguishable associations of four chromosomes at 
pachytene (ca. 2000 x). 


DISCUSSION 


The X chromosome 


It has not been possible to come to an unequivocal conclusion regarding the 
structure of the X chromosome. Various possibilities have been entertained but 
the following explanation of its appearance and behaviour is favoured. 

The polarization of the leptotene nucleus reflects the polarity of the last pre- 
meiotic anaphase. The centromeric regions of the autosomes are congregated to 
one side of the nucleus, the chromosome ends to the other. If this conclusion is 
correct, the orientation and position of the X chromosome at this stage is reveal- 
ing. The X is orientated with its heterochromatic region directed away from the 
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Ficure 28.—Diagram of zygotene association of four chromosomes in an individual heterozy- 
gous for a single interchange. (a) Interstitial segments shown solid. (b). The precociously con- 
densed ‘differential’ segments in B. discoidalis shown solid. The interstitial segments are included 
in the ‘differential’ segments. 


Figure 29.—Pachytene nucleus heterozygous for three independent interchanges (ca. 1250 


ra 


Figures 30-31.—(ca. 1250 x). Ficure 30. Interkinesis, X chromosome (arrow) completely 
heteropycnotic at this stage. The distinction between the proximal and distal autosome segments 
is also apparent. Figure 31. Metaphase IT, early separation of the X chromosome. 
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TABLE 2 


Degree of association in ten individuals of B. discoidalis heterozygous for a single interchange 





Association Percent 
Individual Total 














no i811 +X 1611 +1.1V+X cells multiple fmn 
18 12 8 20 +0 
3 10 15 25 60 
23 10 30 40 75 
17 + 16 20 80 
25 5 20 25 80 
14 10 +0 50 80 
15 3 47 50 94 
4 1 24 25 96 
12 3 47 50 97 
5 0 25 25 100 
TABLE 3 
Degree of association in individuals of B. discoidalis heterozygous for 
2, 3 and 4 independent interchanges 
Percent 
Association max 
Individ ——_—_—_—_——_—__— — Total multiple 
Karyotype no. II 1.CIV 1.RIV 1.CIV+1.RIV 2.RIV 3.RIV 4+.RIV cells mn. 
24 5 1 26 : 8 ‘ : 40 20 
10 13 7 3 10 : : 30 33 
7 3 18 ‘ 19 ; : 40 47 
2.1V 20 3 7 ; 10 : : 20 50 
3 4 16 ; 30 ’ ; 50 60 
21 2 2 14 ; 32 : ; 50 64 
19 5 12 3 30 ; ‘ 50 66 
1 3 ‘ 9 ; 38 ; : 50 76 
6 ; : 6 1 23 ; ; 30 80 
9 2 : 6 : 8 4 2 20 20 
3.1V 16 1 2 9 20 40 
2 5 17 28 50 56 
4.1V 8 1 15 14 30 47 





polarized precocious segments of the autosomes. What is more, a constriction is 
often apparent in the euchromatic region directed towards the focus of polarity. 
These facts suggest that the centromere of the X chromosome is median and, 
unlike that of the autosomes, is not flanked by segments showing precocity. On 
the contrary, its heteropycnotic segments are at the ends of the chromosome and 
it is their non-homologous association which gives the X chromosome its ring-like 
appearance (Figure 17). 

This conclusion finds support in the observation that at leptotene, the X is 
found in that part of the nucleus away from the autosomal centromeres. This 
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indicates a delay in separation at the mitotic anaphase preceding mitosis. This 
delay might well result from the same cause that determines the closed appear- 
ance of the X at meiotic prophase—the non-homologous association of the hetero- 
chromatic end segments. Restriction of premeiotic anaphase separation of the X 
has not been observed but it is well known that the X chromosome in the Or- 
thoptera may reveal its heterochromatic character in the mitotic divisions pre- 
ceding meiosis (CoLomsBo 1954). 

The behaviour of the male X in B. discoidalis is also atypical of the Orthoptera 
in one important respect. Typically the entire sex chromosome is positively 
heteropycnotic at the prophase of male meiosis, but isopycnotic at this stage in 
females (CotomBo 1954). But this is not a consequence of the difference in 
number of X chromosomes in the two sexes: two X chromosomes in anomalous 
spermatocytes have the appearance typical for the male sex (cf. Figure 6). The 
difference in the behaviour of the X chromosome in the two sexes is associated 
with a nucleolar difference. A nucleolus is present at the meiotic prophase in 
females but is absent at this stage in the male. Cotomspo (1954) is of the 
opinion that it is probably the X chromosome of Anacridium aegyptium which 
is responsible for organizing the nucleolus in the female sex. This clearly does 
not apply to Blaberus discoidalis; moreover in P. americana C-mitotic plates 
include one pair of autosomes with a secondary constriction (unpublished ob- 
servation) which we interpret as a nucleolar organizer. Evidently these differ- 
ences between the two sexes reflect a genotypic difference associated, in the 
typical species, with the difference in sex. They appear as secondary sexual 
characters. This appearance is however spurious; the behaviour in B. discoidalis 
shows that the association is not invariable. In this species the behaviour of the 
male X chromosome resembles more closely that in females of typical species. 
What is more a nucleolus is present at prophase of male meiosis. The same may 
be true of Loboptera decipiens (SUOMALAINEN 1946; Figures 4 and 5). Moreover 


TABLE 4 


Multiple orientation in three specimens of B. discoidalis 





Orientation of multiple Individual type and no 























Rings Chains 2.1V 1.IV 

Associations Dis. N-dis. Dis. N-dis. 3 + 12 
II : ; : ; 4 1 

1 16 24 25 
‘ 1 ‘ 7 
1.1V 1 1 ? 
1 1 
2.1V 2 ‘ : ‘ 30 ; 
Total cells analysed 51 25 33 
Percent disjunction per multiple 100 100 75 
Percent estimated fertility 78 98 75 
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when the X is completely heterochromatic at interkinesis (Figure 30) there is 
no nucleolus present. Indeed it may well be that the functions of a nucleolus and 
those of heterochromatic regions (when they show positive heteropycnosis) are, 
in some way, comparable in the mechanically active phases of the nuclear 
cycle. The activities of the one can be replaced by those of the other depending 
on cellular conditions (Dartrncron 1947). The more intense staining of the 
short autosomal nucleolar arm may be due to the nucleolus, and the similar 
staining of the euchromatic region of the X chromosome, as compared with the 
distal regions of the autosomes, may be due to its heterochromatic segments. The 
extreme case of differential staining associated with the position of a hetero- 
chromatic segment has been described in Tribolium confusum, a beetle with an 
XY sex chromosome mechanism (SmirH 1952). Here the X chromosome has a 
large heterochromatic segment which is not present in the Y. Although these 
chromosomes pair and form chiasmata, the pairing segments of the X and Y 
differ in their staining reaction at first metaphase (DARLINGTON 1956b). 


The segments of interchange multiples 


In an interchange heterozygote the homologies of the chromosomes involved 
in the rearrangement are such that no two of them are completely homologous. 
Their partial homology means, however, that they all can associate to form a 
multiple configuration. In an individual heterozygous for a single interchange 
the maximum multiple is one of four chromosomes. In such a multiple segments 
of two kinds can be distinguished, namely, pairing and interstitial. In larger 
multiples a third type of segment, the differential segment, can also be distin- 
guished. Pairing versus interstitial versus differential are cytological distinctions 
and the segments are defined in relation to the centromeres and the points of 
exchange (DarLincron 1936). There is also the genetical distinction between 
‘pairing’ and ‘differential’ segments. It is unfortunate that the same terms are 
employed in making this quite different genetical distinction between those seg- 
ments in which effective crossing over occurs and those in which it is excluded. 
For convenience in describing the present results, the terms used in the genetical 
distinction will be placed in inverted commas. 

Crossing over in interstitial segments results in semisterility, crossing over in 
differential segments is equivalent to a new interchange (DarLinctTon 1937). 
The genetically ‘differential’ segments of a fertile true breeding interchange 
heterozygote include, therefore, the interstitial and differential segments to- 
gether with those regions of the pairing segments where, as a result of chiasma 
localization, crossing over does not occur (Figure 28). 

The progeny on selfing an interchange heterozygote are expected to be of two 
kinds, structural homozygotes and structural heterozygotes, in equal numbers. 
These will be distinguished not only in structural but in genic heterozygosity. 
With respect to the ‘differential’ segments the ring forming progeny will be 
genically as heterozygous as the parent, but the non-ring progeny will be 
genically homozygous for these segments (DarLincTon and La Cour 1950). 
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This genic difference will be less marked for the pairing segments, and in an 
inbred population these will tend towards homozygosity. Selection in favour of 
heterozygotes will mean, however, that this tendency will not be realized as 
quickly as expected on classical grounds. 

One of the factors affecting the efficiency of interchange heterozygosity as a 
means of conserving genic heterozygosity is thus the extent of the ‘differential’ 
segments. In P. americana we found that the established interchanges had 
occurred near the centromere so that the interstitial and differential segments 
were short. Nevertheless, the ‘differential’ segments were long because crossing 
over was localized terminally. This applies to B. discoidalis too but here there is 
an additional factor. The precocious segments, in which there is no crossing over, 
appear at zygotene to be short in relation to the ‘pairing’ segments. This ap- 
pearance is spurious. At diplotene when the ‘differential’ and ‘pairing’ segments 
approach the same degree of condensation, the greater length of the former is 
obvious (Figures 7-10). 

The absence or infrequency of crossing over in precociously condensed seg- 
ments has been described in many plants, e.g., Oenothera (Marquarpr 1937; 
JapHa 1939) and Rhoeo (CoLEMAN 1941), both of which also have established 
interchange heterozygosity. In fact the regular formation of chiasmata in such 
segments has been found only in the sex chromosomes of certain mammals like 
the hamster (Kotter 1938). Here, presumably, one of two conditions must 
obtain. Either, specific pairing is made possible by a rapid uncoiling comparable 
with the unravelling of prochromosomes found, for example, in Aranea (PATAU 
1948). or the condensed appearance of the pairing segments in types like the 
hamster is due not to coiling but to the deposition of matrical material which does 
not interfere with pairing. It has been reported in this connection that the 
heteropycnotic sex chromosomes of the rat are ‘embedded in a vesicle which 
contains an appreciable amount of RNA’ (Onno, Kapitan and Krnosira 1956). 
This RNA persists long after the nucleolus has disappeared and the authors are 
of the opinion that the ‘heteropycnosis of the sex chromosomes is associated in a 
definite way with the RNA of the vesicle’. In a later publication (1957) OHNo 
et al. regard crossing over between the X and Y chromosomes as a probability. 


Fertility 


All the interchanges in the material examined have occurred in those 
centromere—including segments which are condensed precociously at the 
leptotene of meiosis. These are the last segments to pair and because of their 
precocity, crossing over does not occur in them. This means that the interstitial 
segments are included in the ‘differential’ segments (Figure 28) and thus a 
potential source of sterility is removed. The orientation of the multiples is gen- 
erally disjunctional removing a second source of sterility. Disjunctional orienta- 
tion is facilitated by the complete terminalization of chiasma and by the presence 
of a premetaphase stretch. In both these respects B. discoidalis, like P. americana, 
is preadapted. 
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The only important cause of reduced fertility therefore is failure of multiple 
formation. As in P. americana, we find that the variation within and between 
individuals is greater for this property than for the others affecting fertility. The 
greater the noninheritable (intraindividual) variation, the slower the response 
to selection. Some failure at this stage therefore is not completely unexpected. 


The breeding system and heterozygosity 


The products of an outbreeding system are genically heterozygous and a 
change towards greater inbreeding will tend to produce relatively more 
homozygous genotypes. These depart from the characteristic products of the 
original system, and if they constitute less balanced combinations (as is likely, 
because homozygotic combinations have not previously been subjected to selec- 
tion), they will not be favoured by selection (DarLincTon and MatHer 1950). 
In other words a change in the breeding system towards greater inbreeding will 
operate in one direction—towards greater homozygosity, while selection will 
operate in the opposite direction—reducing the frequency of homozygotes. 
Inbreeding, linkage and heterozygosity: The self-fertilization of a heterozygote 
will result in the production of equal numbers of ‘complete’ homozygotes and 
‘complete’ heterozygotes. But when more than one locus is considered, the fre- 
quency of intermediate types will depend on whether the loci are segregating 
independently or whether they are linked in inheritance. The closer the linkage 
the lower will be the frequency of their production. 

Consider, for example, the typical two gene, mendelian chequerboard obtained 
following the selfing of a heterozygote AaBb. Complete homozygotes and com- 
plete heterozygotes are produced with equal frequency (top left to bottom right 
and the top right to bottom left diagonals respectively) and together constitute 
1—2p.(1—p) of the population where p is the recombination fraction. The inter- 
mediate types constitute the fraction 2p.(1—p). Clearly, where p=0.5(random 
recombination) 2p.(1—p) will be equal to 0.5 and 1—2p.(1—p) will equal 2p. 
(1—p). Where, on the other hand, p 0.5 (linkage) then 2p.(1—p) is less than 
0.5 and less than 1—2p.(1—p). This holds whether p is greater or less than 0.5, 
i.e., whether the genes are linked in the cis or trans condition. 

This means that in an inbred population there will be a higher over-all 
frequency of the more heterozygous genotypes with respect to linked genes as 
compared with unlinked genes. This fraction is increased not at the expense of 
complete homozygotes but at the expense of intermediates. Thus, linkage has the 
effect of both maintaining gene sequences and of conserving a high level of 
heterozygosity. This, in turn, means that if, as expected, a premium is set on 
genic heterozygosity following a change from outbreeding to inbreeding, then 
selection will favour linkage because both are acting in the same direction tend- 
ing to increase the frequency of the more heterozygous genotypes. 

Of course, as always in such cases, selection acts ex post facto. Linkage, like 
fertility, has no effect on the competitive efficiency of the individual. It de- 
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termines the character of the offspring and it is through these that selection 
operates—in retrospect. 

Structural homozygosity and genic heterozygosity: Chiasma, in many cases, are 
not formed at random. They are localized either near the centromere or, more 
commonly, near the chromosome ends (WuiTeE 1954). In the latter case the 
segments adjacent to the centromere are ‘differential’. Although crossing over 
does not occur within these segments recombination between the ‘differential’ 
segments of non-homologous chromosomes is at random in structural homozy- 
gotes. Each ‘differential’ segment behaves as a unit in heredity and where the 
haploid chromosome number is n, there are produced 2" different types of 
gamete with respect of them. Each bivalent orientates independently so all these 
types are produced with equal frequency. This means that following selfing 


1 , . 
5a Of the progeny will be genically as heterozygous as the parent with respect of 


the ‘differential’ segments. The smaller the value of n the larger this fraction. 
Interchange heterozygosity and ‘genic heterozygosity: Interchange heterozy- 
gosity is a unique condition because it and it alone can, without loss of chromo- 
some material, extend the linkage group beyond the limits of a chromosome. In 
interchange heterozygotes ‘differential’ segments embrace much of the chromo- 
some material in the multiple. Where crossing over is confined to the pairing 
segments, as it is in B. discoidalis, the viable gametes produced by an inter- 
change heterozygote always carry those chromosomes which alternate in the 
ring. This means that recombination is excluded not only within the ‘differential’ 
segments but also between the ‘differential’ segments of the chromosomes in- 
volved in interchange. 

In the extreme instance where all the chromosomes form one concatenated 
system, as in Rhoeo and certain Oenothera species, the effective chromosome 
number with respect of the ‘differential’ segments is one. Only two types of 


gamete are produced (2"), and 50 percent (=) of the offspring produced on 


inbreeding are as heterozygous as the parent with respect to these segments. 

Thus, interchanges by extending the linkage group reduce the number of 
gametes which can be so produced and in this way increase the relative fre- 
quency of the more heterozygous types. Larger rings are more efficient than 
many rings in this respect but presumably it is more difficult to ensure their 
disjunction (see however, JoHn and Lewis 1958). The optimum size of the ring 
will depend also on the optimum hybridity of the species and will vary with the 
extent of inbreeding. 

In summary, a change from outbreeding to inbreeding will tend to reduce the 
frequency of heterozygotes. Selection will tend to increase their frequency. Link- 
age, by creating ‘differential’ segments acts in the same direction. Interchange 
heterozygosity extends the linkage group beyond the chromosome. For this 
reason interchange heterozygotes are at a selective advantage following a change 
to inbreeding. The selective superiority of the interchange heterozygote and the 
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establishment of permanent hybridity does not depend, therefore, on a special 
system of balanced lethals. It depends rather on the unbalance of the more homo- 
zygous genotypes. These do not survive, and unbalance of this kind is an in- 
evitable consequence of inbreeding any heterozygote. Recessive mutations which 
are disadvantageous, even lethal, to particular genotypes in specified environ- 
ments can be eliminated only insofar as they are exposed in the homozygous 
condition. In a system of permanent hybridity this condition does not obtain for 
determinants in the ‘differential’ segments. This means that non-homologous 
mutations of this kind tend to accumulate in the system. But the system does not 
depend on them, rather they depend on the system. In a word the balanced lethal 
system owes its existence not to positive selection but rather to the absence of 
selection. 


SUMMARY 


1. The chromosome number in male Blaberus discoidalis is 37, the X chromo- 
some being unpaired. The centromeres are median to subterminal in position. 
Those of the autosomes are contained in segments which show precocious con- 
densation at prophase of meiosis. 


2. The centromere of the X is median and is not flanked by segments of this 
kind. This chromosome is unusual for a roach in not being completely hetero- 
pycnotic at the prophase of male meiosis. It has, however, terminal hetero- 
chromatic segments the non-homologous association of which gives the X chro- 
mosome a ‘closed’ appearance during meiotic prophase. The association of these 
terminal segments probably results in delayed anaphase separation of the X at 
the last premeiotic mitosis. 


3. Meiosis in the male is unusual for an orthopteran in the presence of a 
nucleolus at first prophase. This and the atypical structure of the X are 
probably correlated. 


4. Twenty-three of the 25 individuals examined from a laboratory popula- 
tion were heterozygous for one-to-four independent interchanges, the average 
per individual being 1.64. 


5. B. discoidalis is preadapted for the establishment of interchange heterozy- 
gosity (i) in having long ‘differential’ segments which include the centromere 
(ii) in the complete terminalization of chiasmata and (iii) in the presence of a 
premetaphase stretch. 


6. Multiple association although variable is often high, there is no crossing 


over in the interstitial segments and orientation is usually disjunctional. The in- 
terchange heterozygotes are therefore fertile. 


7. Interchanges in the heterozygous condition by extending the linkage 
group conserve genic heterozygosity. Genic heterozygotes and consequently in- 
terchange heterozygotes, are expected to be at a selective advantage following a 
change from outbreeding to inbreeding. The population sampled is inbred. 
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(}" of the important contributions of classical genetics is the evidence that a 

gene may exist in several forms, giving rise to different although similar 
phenotypes. Different forms of a gene, any one of which may be present at the 
gene locus, are known as alleies. The evidence now available indicates that, when 
one is dealing with recessive mutant characters, combinations between any 
allele and the wild type usually produce the wild type phenotype, and combina- 
tions of alleles produce mutant phenotypes (trans configurations). Early efforts 
to observe crossing over between alleles of a gene locus were not successful; and 
therefore the gene was defined as the unit of physiological function as well as of 
crossing over. According to this definition it should be possible, by investigating 
the phenotype of the heterozygote resulting from a cross of two similar mutants, 
and the crossover relation between the two mutants, to determine whether or not 
they are alleles of a single gene locus. As early as 1929, however, the validity of 
crossover relationship as a criterion for identifying a gene locus was called in 
question by the results of Dusrn1n’s (1929) studies of relations between alleles 
of the scute locus in Drosophila, which suggested that crossing over may occur 
within a gene locus. Since that time, evidence has been accumulating that cross- 
ing over within a gene locus—that is, between different sites of a locus—does 
occur; and the findings of recent work with Salmonella (DEMEREc 1956a) make 
it seem probable that this is true of most gene loci, for it has been detected in 
every case (44 so far) in which two or more alleles have been available for study. 
Thus, a gene can no longer be defined as the unit of crossing over; and physiologi- 
cal function and physical arrangement of sites within a locus are the only known 
bases for identification of a gene locus. 

If genes were distributed at random in chromosomes, since there are several 
thousand different genes present in every organism, there would be very little 
likelihood that two genes having similar functions would be located together, and 
so a gene could be identified with a fair degree of certainty by study of its be- 
havior in recombination. There is a considerable amount of evidence, however, 
that the distribution of genes is not random (summarized in Pontecorvo 1956), 
and the recent work with Salmonella (DEMEREc 1956a) has demonstrated that 
genes controlling related functions are often adjacent to one another. Therefore, 
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to establish whether two closely linked similar mutant genes are alleles of one 
gene locus or represent mutations at two loci, it is essential to investigate their 
functions. In auxotrophs of Salmonella typhimurium, this can be done very 
effectively by means of abortive-transduction experiments. Evidence gathered in 
the course of work by several members of our laboratory indicates that abortive 
transduction is a general phenomenon among these auxotrophs, and that abor- 
tive-transduction tests can be applied successfully to differentiate between closely 
linked, presumably adjacent, gene loci which control related functions. 


Abortive transduction 


In transduction of an auxotrophic strain of bacteria by the wild type, by a 
nonallelic mutant strain, or by an allelic but not identical strain, part of the 
donor chromosome is incorporated into a chromosome of recipient cells, changing 
the genotype to wild type and giving rise to wild type colonies. This process will 
be referred to hereafter as “complete transduction.”” While studying complete 
transduction among purine-requiring mutants of S. typhimurium, strain LT-2, 
OzeKk1 (1956) observed the appearance of a number of very small (minute) 
colonies in addition to the expected large (wild type) colonies. His analysis of 
these minute colonies showed that each was composed of three different kinds of 
cells: (1) a single progenitor cell, which carried the wild type gene introduced 
by phage and was phenotypically prototrophic; (2) daughter cells, produced at 
every division of the progenitor, which did not receive the wild type gene but 
could undergo a limited number of divisions on medium deficient in the growth 
factor required by the recipient bacteria; and (3) the final progenies of such 
daughter cells, which like the original recipient were not able to divide on the 
deficient medium. The mechanism responsible for the minute colonies appeared 
to resemble the process, termed by Stocker and others (1953) “abortive trans- 
duction,” which is responsible for the “trail phenomenon” in certain instances of 
transduction of motility in Salmonella; and the same name was applied to it. 

OzeEx1’s work indicated that minute colonies appear whenever the donor carries 
the wild type allele of the mutant gene present in the recipient bacteria, and do 
not appear when it carries a mutant allele. Thus it seems that the appearance of 
minute colonies reflects functional complementation between the marker genes 
of the recipient and the donor, and that an abortive-transduction experiment 
represents a trans-configuration test for the markers involved. Therefore, the 
presence or absence of minute colonies in transduction tests involving two pheno- 
typically similar and closely linked mutants should provide information regard- 
ing the functional difference or identity of the two genes, independently of bio- 
chemical or other tests. 


TECHNICAL PROCEDURES 


The procedures followed in this laboratory for detection of abortive transduc- 
tion between two auxotrophs are the same as those employed in ordinary trans- 
duction experiments with these Salmonella mutants. About 10* bacteria from a 
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full-grown culture of the recipient strain, infected with about 5 x 10° phage 
particles derived from the donor strain, and incubated 8—10 minutes at 37°C for 
adsorption of the phage, are spread uniformly on agar plates. 

To permit detection of the minute colonies that represent abortive transduc- 
tion, the medium on which recipient bacteria are plated should allow some back- 
ground growth and at the same time favor growth of the minute colonies. There- 
fore it is desirable, and in some instances essential, to supplement minimal 
medium with various compounds. As a rule, studies of abortive transduction are 
facilitated by enrichment of the minimal medium with a small amount of broth 
(0.01 percent broth powder). In the case of tryD mutants, the size of minute 
colonies is markedly increased by supplementation with 0.02 to 0.05 percent of 
neutralized vitamin-free casein hydrolysate (Yura, in Demerec et al. 1956); 
and in the case of adeE and adeF mutants, the addition of casein hydrolysate (0.1 
percent) is necessary for detection of the colonies (Gors, in DEMEREc et al. 
1957). In work with adthA, adthC, and adthD bacteria, detection is facilitated by 
supplements of adenine and pantothenate (OzEK1 1956). 

After one or two days’ incubation at 37°C, the plates are observed micro- 
scopically at 10 x to 20 x magnification. Under the conditions described, minute 
colonies are approximately 0.05 mm in diameter, although the size depends 
somewhat upon the strain of the recipient bacteria as well as upon the kind of 
medium and length of the incubation period. Two controls are needed in every 
experiment: (1) platings of the recipient with phage from the wild type, and 
(2) platings of the recipient with phage from its own strain. Only when minute 
colonies are clearly observed in the first case, and no such colonies are observed 
in the second case, can a conclusion be drawn as to whether or not the recipient 
strain undergoes abortive transduction by the other auxotrophic strain being 
tested. In such cases the presence of minute colonies on a transductional plate 
indicates that the two markers are nonallelic, whereas allelism is indicated by 
their absence. In tests for allelism, therefore, results are scored in terms of 
presence (plus) or absence (minus) of minute colonies. As a rule, the number 
of minute colonies resulting from transduction between two nonallelic mutants 
is about the same as the number formed when the wild type is the donor, even if 
the two mutant markers are closely linked and the number of large colonies 
(complete transductions to prototrophy ) is therefore small. 

The conclusion that the minute colonies appearing in experiments are due to 
abortive transduction has been confirmed in a number of instances, either by 
streaking or by respreading. As shown by Ozexk1 (1956), when a minute colony 
is picked up and streaked on a new plate, no more than one minute colony is 
formed on the streak. 


MATERIALS AND TERMINOLOGY 


Most of the auxotrophic mutants studied were derivatives of S. typhimurium 
strain LT-2 (Z1inpErR and LEDERBERG 1952), and a few were derived from strain 
LT-7. The temperate phage employed in transduction experiments was PLT-22. 
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The minimal medium contained 10.5 g of K,HPO,, 4.5 g of KH,PO,, 0.05 g of 
MgSO,, 1 g of (NH,).SO,, 0.47 g of sodium citrate, 2 g of glucose, and 15 g of 
agar per 1000 ml of demineralized water. 

The terms defined by DEMEREc (1956b) will be used in this paper. The sec- 
tion of a chromosome occupied by one gene is called the gene locus. A locus can 
be subdivided by crossing over into linearly arranged units, which are called 
sites. The different forms in which a gene may exist are called alleles. They may 
be nonidentical, if due to mutations at non-homologous sites of a gene locus, or 
identical, if due to mutations at homologous sites. A single-site mutant is one that 
has not, so far, been shown to be due to mutations at more than one site in the 
locus. A multisite mutant is one that fails to give recombinants in reciprocal 
transduction tests with a number of closely linked markers, and may therefore 
be said to “cover” more than one site, either within a locus or in neighboring loci. 

The symbol for a mutant character utilizes a convenient abbreviation of the 
auxotrophic requirement involved; for example, tryptophan, try; adenine, ade; 
adenine-thiamine, adth; histidine, his; cystine, cys; proline, pro; methionine, 
mt; serine, ser. Similar mutants of independent origin are distinguished by num- 
bers assigned in the order in which they are found, for example, try-1, try-2, try-3. 
Finally, when the gene locus has been determined, a capital letter designating 
the locus is included in the mutant symbol, as tryD-1, tryB-2, tryC-3, tryA-8. 


Generality of abortive transduction 


The usefulness of the abortive-transduction technique for allelism tests de- 
pends on how generally it can be applied. Since minute colonies result from 
additional divisions of cells whose progenitor contained a transducing fragment 
carrying the wild type allele of the mutant marker of the recipient cells, it is 
reasonable to assume that each such progenitor cell is phenotypically proto- 
trophic, and that the one daughter cell which does not receive the wild type allele 
still is able to undergo a finite number of divisions on medium which does not 
support the growth of recipient cells. The implication of this assumption is that 
minute colonies will appear whenever the auxotrophic character is recessive to 
the wild type, provided the medium is suitable for their detection. 

During the past two years, abortive transductions have been detected in experi- 
ments with 280 auxotrophs representing 41 different gene loci, as follows: 
adenine, 4; adenine-thiamine, 4; tryptophan, 4; histidine, 7; cystine, 6; methio- 
nine, 4; proline, 4; serine, 2; threonine, 4; guanine, 1; and pantothenate, 1. They 
have not been detected in experiments with any known allele of the leucine 
A and B loci, or with some alleles of certain cystine and tryptophan loci. Pre- 
sumably in these cases the media used were not suitable for the detection of 
minute colonies. 


Tests for allelism 


The abortive-transduction technique is now being used in our laboratory to 
test for functional complementation among similar mutants and thus gain evi- 
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dence about their allelic relationships. A brief summary of the results will be 
presented here. 

Purine mutants: In his paper on abortive transduction, OzEK1 (1956) reported 
the results of experiments with adthA-1, -2, -3, -4, -10, -18; adthC-5, -14; and 
adthD-11, -12, -17 as recipients and adthA-1, -2, -3, -4, -8, -9, -10; adthB-6; adthC- 
5, -14; adthD-11, -12; adeA-1; adeC-2, -4, -8; and adeD-10 as donors. Minute colo- 
nies showed up in every tested combination in which the recipient and the 
donor belonged to different loci, and failed to show up when they were members 
of the same locus. In these experiments the minimal medium was supplemented 
with adenine and pantothenate, so that minute colonies would be easily de- 
tectable. Positive evidence of linkage between adthB and adthD, and between 
adthC and adeC-2, has been obtained by transduction tests (DEMEREC et al. 1956). 

As the two mutant alleles adeC-2 and -7 are linked with adthC and guaA, 
whereas the remaining alleles of this group are not, the locus originally designated 
adeC was divided into two, adeC (-2 and -7) and adeE (-4, -5, -6, -8, -9, -11, and 
-14 through -29) although the mutants are phenotypically indistinguishable (Dr- 
MEREC et al. 1956). Gors and Grecory (DEMEREC et al. 1957) were able to ob- 
serve minute colonies in transduction experiments between adeC (-2 and -7 ) and 
adeE mutants on medium supplemented with casein hydrolysate. This result con- 
firms the grouping shown above. 

Further study of the 22 mutants of this adeE group has revealed at least two 
functionally different types; some of the mutants (adeE-6, -8, -15, and -19) form 
minute colonies with another of the group. Thus this group probably represents 
two closely linked loci, adeE and adeF (Gots and Grecory, in DeMEREc et al. 
1957). 

It has been shown that the mutant originally described as adeD-10 actually 
belongs to the adthD locus; it is now called adth D-20. Moreover, the data suggest 
that the site of this mutation coincides with that of the adthD-12 mutation, al- 
though adthD-20 requires only adenine for growth whereas adthD-12 requires 
adenine plus thiamine (OzeEk1, in Demerec et al. 1956). As was mentioned ear- 
lier, the former adeD-10—that is, adthD-20—produced minute colonies when 
used as donor even with the other mutants of the adthD locus, including adthD-12. 
This observation suggests that abortive transduction as a test for allelism may not 
always be applicable. 

Histidine mutants: Very comprehensive tests for abortive transduction be- 
tween histidine mutants have been carried out by P. E. Hartman and his co- 
workers (HarTMAN, in Demerec et al. 1956; and Hartman et al., personal com- 
munication). Eighty-four closely linked histidine mutants have been divided into 
five functional groups on the basis of biochemical characterization of the mutant 
phenotypes. More than 6000 different combinations of the mutants were tested 
for functional complementation by the abortive-transduction method. Bacteria 
of two of the groups—containing 13 and 7 mutants—produced minute colonies 
when tested with mutants belonging to each of the other groups and no minute 
colonies when tested with mutants of their own groups. This finding supported 
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the conclusion that these two groups differ functionally from each other and 
represent mutations at two gene loci (hisC and hisG ). The 22 mutants of a third 
biochemical class, however, were clearly divided by the abortive-transduction re- 
sults into three functional groups, namely, hisE (2 mutants), hisF (10), and hisA 
(10). These three loci are arranged linearly, as determined by crossing over 
tests with complete transduction. More recently, in work carried on at Harvard 
University, it has been possible to distinguish between groups A and F by 
biochemical criteria (MoyEep and MaGasaAnik 1957). 

In contrast to the findings regarding the five loci just described, HartMAN and 
his collaborators (personal communication) observed that some mutants of the 
hisB locus (17 mutants) and hisD locus (25 mutants) did not conform to the 
pattern of behavior generally found in abortive-transduction tests between alleles 
of the same locus. Minute colonies appeared in almost all possible combinations 
of B and D mutants with mutants of each of the other six loci. Minute colonies 
also appeared, however, in some intralocus combinations. These aberrant positive 
results occurred frequently in locus B tests, rarely in locus D. The reasons for 
this exceptional kind of behavior are not yet clear, but the findings of HarrmMan 
and his colleagues suggest that complementation cannot always be used as a 
test of allelism. Otherwise it would be necessary, for example, to assume that 
the AisB group represents at least four gene loci. This seems unlikely, inasmuch 
as the hisB block appears to be concerned with a single enzymatic reaction carried 
on by imidazoleglycerol phosphate ester dehydrase. It also leaves unexplained 
the negative intralocus tests between B mutants which are nevertheless separable 
by recombination. 

Proline mutants: About 140 mutants defective in proline synthesis are now 
being investigated by T. Mryake. Analysis of 101 of them, all of which are 
single-site mutants, has progressed far enough to show that they can be divided 
into four discrete groups on the basis of some or all of three criteria, namely, nu- 
tritional requirements, numbers of complete transductions, and presence or ab- 
sence of abortive transductions. There are 35 mutants in group A, 46 in B, 16 in 
C, and 4 in D. The A and B loci are closely linked, whereas C and D are inde- 
pendent as far as transduction tests are concerned. Abortive transductions were 
observed in all tested combinations of markers representing different groups. 
but not in any tested combination of markers of the same group. Mutants of 
groups A and B cannot be differentiated on the basis of known nutritional re- 
quirements, since all are able to grow on either proline or glutamic-y-semialde- 
hyde. By studies of the frequencies of recombination between mutants of these 
two groups, and also by experiments with overlapping multisite mutants, it has 
been possible to determine the linear order of their mutational sites on a linkage 
map. The positions of the markers on the chromosome correspond to the A and B 
groupings arrived at by abortive-transduction tests. 

Cystine mutants: In accordance with the results of nutritional tests and trans- 
duction experiments, a number of cystine-requiring mutants were divided into 
five groups. A close linkage relation was demonstrated between two of the 
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groups, C and D; that is to say, markers of the cysC and cysD loci are carried by 
one transducing fragment (CLowes 1958). CLowEs made tests for abortive trans- 
duction with one representative mutant of each group (cysA-1, B-14, C-7, D-23, 
and E-30). Tests were made with all combinations, including homologous com- 
binations. As recipients, cysA-1, cysB-14, and cysE-30 gave distinct minute colo- 
nies with any other mutant as donor; and no such colonies were observed in 
any homologous combination. The background growth of cysC and cysD makes 
detection of minute colonies difficult, so that it was impossible to apply the test 
to cysC-7 and cysD-23 as recipients. 

Abortive-transduction tests among certain cysB mutants (-10, -14, -15, -18, 
and -45) were also made by CLowes (1958). A phenotypic difference was ob- 
served among these mutants; in cysB-10 and -18 the nutritional requirement is 
satisfied by either cysteine or SO,, whereas in -14, -15, and -45 it is satisfied 
only by cysteine. The mutational sites of the two phenotypes are distributed 
alternately, in the order 74——18——45——10——_15. No minute colonies were ob- 
served in any combination among these cysB mutants. This indicates that there 
is no complementary relation between the cysteine-SO, type and the cysteine- 
only type, and that all are alleles of one locus although their phenotypes are 
somewhat different. 

HowartuH (1958) made abortive-transduction tests with all possible combina- 
tions of cys-1, -3, -5, -13, -20, -21, -22, -32, -69, and -82. All these mutants are 
closely linked; and they have similar nutritional requirements, for in all of them 
the cystine deficiency can be compensated for by either cysteine, sulfite, or a 
high concentration of thiosulfate. Therefore they had been regarded as alleles of 
one gene locus (cysA,). In Howarru’s experiments, however, minute colonies 
appeared when cys-22 and cys-32 were tested with any other member of this 
group except the multisite mutant cys-20, but not when they were tested with 
each other. This finding suggested that cys-22 and cys-32 are functionally differ- 
ent from the other mutants of the group, and that the group actually represents 
two closely linked loci. Frequencies of complete transduction—that is, frequen- 
cies of recombination—between members of the group indicated that the cys-22 
and cys-32 mutational sites are located close together, at one end of the linearly 
arranged sequence, and so supported the assumption that they are members of a 
separate locus. This gene locus has been designated cysF.. In experiments between 
cys-20 and other members of the group, neither abortive nor complete trans- 
duction was observed, although with the wild type as donor both appeared. Thus 
cys-20 is a multisite mutant, covering all known sites of the cysA and cysF loci. 

Pantothenate mutants: Our collection includes three mutants whose nutri- 
tional requirements can be satisfied by calcium pantothenate. Tests of the three 
in various combinations yielded very few instances of complete transduction; 
and abortive transduction did not occur between any two of the mutants, al- 
though it did occur when each was tested with the wild type as donor. Thus it 
appears that the three mutants are closely linked and functionally similar, and 
can be considered nonidentical alleles of one gene locus. 
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Tryptophan mutants: By means of transduction tests and analyses of biosyn- 
thetic blocks, the 56 tryptophan-requiring mutant strains so far isolated have 
been placed in four closely linked groups: tryA, B, C, and D (DEMEREc and Z. 
HartTMan 1956). Group D has 12 mutants; group C, 9; group B, 27; and group 
A, 8. 

As was reported by Yura (DEMeEREc et al. 1956), members of the tryD group 
are deficient in a single enzyme, namely, tryptophan synthetase. Abortive-trans- 
duction tests were made by Yura with the recipients tryD-1, -6, -7, -9, and -10 
and the donors tryD-1, -6, -7, -9, -10, tryC-3, tryB-4, tryA-8, and wild type. 
Additional experiments with tryD mutants were made by E. L. Laur. Minute 
colonies did not appear in tests between members of the tryD group, but they 
did occur in the other combinations of the experiments. All the tryD mutants 
tested thus form a homogeneous group, both in terms of their enzyme deficiency 
and according to the criteria of complete and abortive transduction; and they can 
all be considered alleles of a single gene locus. 

Similar tests were made by Laur with 15 members of the tryB group. Indole 
supports the growth of these mutants on minimal medium, but anthranilic acid 
does not. Seven of them (try-4, -14, -16, -17, -26, -27, and -34) gave rise to minute 
colonies in experiments with the wild type as donor, whereas the other eight 
(try-2, -12, -13, -19, -23, -30, -31, and -32) did not. The minute colonies were 
most readily observable when casein hydrolysate was added to the medium. Ex- 
periments between members of the group as donor and recipient gave irregular 
results—a further indication that the present tryB group represents at least two 
gene loci, in agreement with the results of YaNorsky (1956), who showed that 
there are two steps in the biosynthesis of indole from anthranilic acid. 

Leucine mutants: Our collection includes 105 leucine requiring mutants be- 
longing in two unlinked groups. E. GLANVILLE has used 39 of these in extensive 
experiments for the detection of abortive transduction, with negative results. 


DISCUSSION 


The material presented here shows that the phenomenon of minute-colony 
formation as a result of abortive transduction, first observed in some purine-re- 
quiring mutants by OzEeK1 (1956), occurs generally among auxotrophs of Sal- 
monella typhimurium strains LT-2 and LT-7. It appears that the formation of 
minute colonies in transduction experiments with these mutants reveals func- 
tional complementation between the two markers involved; because as a rule no 
minute colonies are formed in combinations of markers representing nonidentical 
alleles of a single gene locus. 

A few exceptions, such as those found by Hartman in the AisB locus, seem 
to resemble a type of behavior observed infrequently in Neurospora (Gr1xEs et al. 
1957), Aspergillus (Ponrecorvo 1956), and phage (Katser 1957), and suggest 
that noncomplementation, as detected by abortive-transduction and heterocaryon 
tests, is not an essential characteristic of alleles. Thus, evidence seems to be ac- 
cumulating that the differences among component parts (sites) of a gene locus, 
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disclosed by studies of the various properties of mutant alleles (DEMEREC 1956a), 
may in rare instances be such that genetic changes at certain sites produce mu- 
tants which complement mutants produced by changes at certain other sites of 
the same locus. 

In such instances, rare at the present time, complementation alone cannot 
serve as the criterion for differentiating between two genes. When several func- 
tionally similar mutants belonging to two complementary groups are closely 
linked, the distribution of their sites determines whether they belong to a single 
gene locus (two kinds of sites mixed in linear sequence) or two closely related 
loci (each of the two kinds grouped together ). 

With regard to complementation, it may be pointed out that a situation similar 
to that observed in these auxotrophs has also been found in studies of motility in 
Salmonella (LEDERBERG 1956; STocKER 1956; and more recent work in STOCKER’s 
laboratory). In all transductional combinations of different nonmotile (Fla—) 
strains so far tested, not only motile clones (resulting from complete transduc- 
tion) but also trails (resulting from abortive transduction, comparable to minute 
colonies in auxotrophs) have been observed, whereas nonmotile strains infected 
with phage from the same strain never produce trails. This result indicates that 
these mutations to nonmotility, although they all affect the same character (for- 
mation of flagella) and many of them show linkage with another mutation, H,, 
controlling flagellar antigen type (see LepERBERG and I1no 1956), complement 
one another. In this case, if complementation were used as a criterion for identi- 
fying gene loci, one would have to assume that there are many different Fla loci, 
linked together and forming a cluster near the H, locus. It seems rather unlikely 
that so many loci affecting the formation of flagella should be present within the 
length of a transducing fragment of chromosome, and that each mutation to non- 
motility found so far should have occurred at a different locus. A more plausible 
interpretation is the assumption that one or only a few gene loci, showing func- 
tional complementation between alleles, are involved. We wish to point out, 
however, that the nonmotile strains of LEDERBERG’s and STocKER’s experiments 
were derived from different sources, including S. typhimurium, S. paratyphi-B, 
and S. heidelberg. On the other hand, the auxotrophs of the present study were 
all derived from two strains of S. typhimurium (LT-2 and LT-7). The comple- 
mentation observed in experiments between different nonmotile strains might be 
an effect of change in genetic background on the behavior of genes participating 
in transduction. In other words, a mutant gene of one strain when introduced 
into a bacterium of another strain may be stimulated to function more actively. 
If this should be the case, it would call for caution in the application of comple- 
mentation as a test of allelism in mutants of different species, or even of unrelated 
strains. 


SUMMARY 


In transduction experiments with auxotrophs of Salmonella typhimurium, the 
occurrence of abortive transduction is an indication of functional complementa- 
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tion between similar mutants. Abortive transduction has been detected in experi- 
ments with 280 auxotrophs representing 41 different gene loci, which control the 
synthesis of various amino acids, purines, and vitamins. As a rule, complementa- 
tion may serve as the criterion for identification of closely linked functionally 
similar genes; but HarTMan’s studies of the hisB locus indicate that in some in- 
stances this criterion fails, and that other factors have to be considered in de- 
termining whether two complementary groups of closely linked mutants rep- 
resent a single gene locus or two closely related gene loci. 
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some deficiencies are not recoverable from radiation treatment. This was first 
discussed by Mutter (1932) and later on many other occasions; it is reviewed 
by Mutter (1954). Recovered aberrations have arms terminated by an original 
chromosome end; to such a nonsticky, natural, terminating element MULLER 
gave the name “telomere.” It is now generally believed that the inviability of 
freshly broken ends is caused by the formation of breakage-fusion-bridge cycles, 
first discovered by McCuintock (1938) in maize, and known to occur in a 
number of other organisms (reviewed in FasBerce 1958). McCiintock (1944) 
also showed that in maize, truly terminal deficiencies are obtained if the freshly 
broken end is taken through a zygotic generation. Under these conditions, the 
broken end behaves as though a new “telomere” had been formed. A more ex- 
tensive discussion of the telomere concept is given by Wurre (1954). 

Maize endosperm mosaics with several markers in one chromosome arm, pro- 
duced by the irradiation of pollen carrying dominants, can be analyzed so as to 
distinguish between stable free ends, and unstable free ends that initiate break- 
age-fusion-bridge cycles. Such an analysis, made on both X-ray- and ultraviolet- 
treated material, shows that neither of these agencies generate stable free ends 
at an appreciable frequency. Within 0.05 fiducial probability limits, about ten 
percent of the fresh ends might be stable, but the best estimate is that none are 
stable (FABERGE 1956). 

When the chromosomes of Tradescantia are irradiated in the double, or 
chromatid break, stage, the isochromatid breaks can be of four kinds: those in 
which (1) both proximal and distal sister chromatids are fused, (2) only the 
proximal ones are fused, (3) only the distal ones are fused, or (4) neither proxi- 
mal nor distal are fused. In the terminology of Carcuestmpe and Lea (1943) and 
of CaTcHEsIDE et al. (1946), these are respectively: (1) U pd: (2) N U d; (3) 
N U p; (4) NU pd. From the frequencies of these four classes, a parameter f is 
derived, which is the probability that at least one side of a break is incapable of 


L has been known for a long time that in Drosophila, truly terminal chromo- 
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rejoining. Essentially the same parameter f can be derived from the proportion 
of translocations that are incomplete. 

CatcHeEsipE and Lea (1943) noted, on the basis of the then unpublished data 
of Korvau and Gray, that breaks produced by alpha particles are much more 
often incapable of rejoining than those made by X-rays. Analyzing data from 
several sources, Lea (1946) points out that whereas X-rays of several wave 
lengths, and recoil protons, all agree in giving f values of the order of 0.1, for alpha 
particles f is about 0.5. The full data of Korvat and Gray (1947) confirm this. 
There are several ways of calculating f, but in all cases the values for alpha par- 
ticles are much greater than for X-rays or for recoil protons. If it is assumed 
that the two chromatids of an isochromatid break are always affected alike, 
f=0.72, while if this assumption is not made, f=0.60. Korvat and Gray believe 
that incomplete exchanges are observationally more reliable, and this leads to a 
value of f=0.35. For comparison. f=about 0.1 for several kinds of ionizing radi- 
ation other than alpha particles. 

This difference in the proportion of unrejoinable ends leads to a striking differ- 
ence in cytological appearance that can be described as almost qualitative. At 
fairly high doses, an experienced cytologist would not hesitate to identify as such 
an unlabelled alpha-particle slide. KorvaL and Gray (1947) used microspore 
divisions, and the alpha particles were emitted from radon dissolved in tissues. 
Essentially the same result is obtainable from an external source used on pollen 
tubes (A. D. Concer, unpub.) and the writer can confirm this from his own 
experience. 

The unrejoinable free ends seen at metaphase in Tradescantia were produced 
in the preceding prophase or resting stage. It is unknown whether, in later di- 
visions, such ends could become capable of rej»ining again or whether they act 
permanently as newly created telomeres. The analysis of endosperm mosaics 
provides a means of answering this question for maize. 


PHYSICAL METHODS 


The alpha particles were emitted from a thin layer of electro-deposited Pu**®. 
This has a half life of 2.4 x 10* years, and is therefore a long-lasting source of 
alpha particles free from beta or gamma contamination. The energy of Pu**® 
alpha particles is 5.14 Mev on emission, and is substantially monochromatic for 
a thin deposit. This energy happens to be almost the same as that of Po*’® alpha 
particles, so that the calculations made in the past of 8 rays, of range in biological 
material and of LET will all apply quantitatively (refs. in Lea 1946; ZirKLE 
1954; Rocrers 1955). The average LET lies between about 120 kev »™ and 130 
kev y-", the first value being obtained if equal path lengths are weighted equally, 
the second one if equal energies are weighted equally. 

In the first trials, the active area, whose emission rate was about 6.9 x 10° q 
sec" cm~, was limited to a square 7 X 7 mm by a diaphragm. Pollen was spread 
in a single layer on a lucite surface, confined by edges to a width of six mm, and 
was dragged under the source at various speeds by a small synchronous motor. 
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The top of the pollen grains was 0.5 mm below the Pu**® surface. For the two 
definitive treatments, the source was a circle 37 mm in diameter, whose emission 
rate was about 8.6 X 10* q@ sec-' cm”. Pollen, in a single layer on a lucite surface, 
was simply placed within 0.2 mm of the Pu?** for three or six minutes. 

It should be made quite clear that maize pollen does not lend itself to accurate 
quantitative work involving dosage considerations, with unaccelerated alpha 
particles from an external source. The grains are almost exactly spherical, and 
about 97 » in diameter, whereas the range of the alpha particles is probably about 
39 ». The nuclei of the pollen are distributed within the sphere, the most frequent 
position being about two thirds out along the radius toward the wall (StapLeR 
and User 1942). Using the frequency distribution of nuclei in successive spher- 
ical shells given by these authors, one can calculate that roughly 57 percent of 
the nuclei have not been physically exposed to the risk of being traversed by 
a particle. Even so, this cause of heterogeneity probably is less serious than for 
ultraviolet treatment. 


BIOLOGICAL METHODS 


Pollen carrying the dominant ninth chromosome markers J] Sh Bz Wx was 
irradiated, and used to pollinate plants homozygous for C sh bz wx. The method 
of analyzing endosperm mosaics has been described in detail in FABERGE (1956), 
where explanations of the symbols will be found. Comparable data from X-ray 
and from ultraviolet treatment are given there. It has been pointed out that there 
is considerable physical heterogeneity in alpha-particle treatment. The analysis 
that follows is independent of such heterogeneity as a first approximation. The 
only comparisons made are between frequencies of events in different sections of 
one chromosome arm, all parts of which are exposed to the risk of breakage with- 
out bias. For this reason, data from several doses can be pooled for analysis. 


Experimental Data 


Data are presented in Table 1. The proportion of fractional as opposed to whole 
kernel effects, 0.168, is quite similar to that for X-ray treatment, 0.157, in the 
material. Subsequent analysis depends on a model of chromosome behavior, the 
chief assumption of which is that (1) breaks that generate breakage-fusion-bridge 
cycles, (2) breaks that produce segmental deficiencies, and (3) breaks that give 
terminal deletions, if any, all bear the same ratio to one another in different 
chromosome segments. It is therefore worth noting that a chromosome map can 
be constructed from the frequencies of breakage-fusion-bridge cycles in succes- 
sive marked segments, which, starting from the distal end, are 60, 3, 5, 30, 44.7. 
The last number is an estimate dealt with later. These are very small numbers, 
but the map can be seen to agree as well as might be expected with those for 
X-ray and ultraviolet breakage given in FaBercE (1956). While the fact has not 
been verified for maize, other material leads one to expect that two-break de- 
ficiencies, as well as inversions and translocations, will behave preponderantly as 
one-event phenomena when produced by densely ionizing particles. This will be 
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TABLE 1 
Data 
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Exposure Entire on ee. 2: tee. 1Sh ISh Total Total 
@cm-*X 108 fractional E-I JI-Sh Bz Bz-W2z Sh BzW2 1 ISh Bz: BzWx Complex affected examined 
E 17 1 5 is 2 2 2 5 3 29 107 - 
om 539 
™_ F eo aad oe, ee = 
16 6 2 2 2 5 14 pide | 70 
7.87 380 
ss F 5 1 2 2 11 ya 
t 2 : - ‘ . , + 1 9 20 sie 
ies F ree =. ke ee . 
s 10 ‘ 1 3 3 3 1 1 8 6 3 36 
6.32 _ ei 1693 
rs I i: 7 et Ys ae 7 
"y ? > 
a OS ae is ay. 
Total 60 3 5 30 7 7 8 1 23 8 70 298 6889 





reflected in the constant K used here, but will not affect the basic assumption of 
proportionality of break frequency to length, as measured by the frequency of 
breakage-fusion-bridge cycle generating breaks. 

Functionally stable ends are detected, essentially. by an excess of end losses 
and a reduction in breakage-fusion-bridge cycles. A more specific test is possible 
by the model discussed in Fapercét (1956, 1957). The calculation requires at 
least two markers on a chromosomal arm, and is cumbersome for more than two. 
Since the segment /-Bz is short, very little information is wasted by considering 
it compressed into one marker. A small correction must also be applied to L(Wz) 
since this includes L(Bz Wx), which is not separately identifiable. The following 
data are then used in the calculation: 


Class Observed Parameter 
number 
Cy(E1) 60 a 
Cy (Bz Wz) 30 B 
L(Z Sh Bz) 25 Y 
L(Wz) 6.5 8 
L(I Sh Bz Wz) 82 € 
Kernels not in above classes 6685.5 


Let x=the unknown Cy(W2 SFA); K= constant relating deficiency generating 
breaks to breakage-fusion-bridge cycle generating breaks; T=ratio of stable 
terminal breaks to unstable breakage-fusion-bridge cycle generating breaks. 
x=x’ and K=K’ as used in FaBercE (1956). The model proposed can be most 
clearly expressed as three equations: 
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y=B(eaK+T) s=B Kx H(eaK+T+1)z 
Solving for the three unknowns gives: 
x=0.00649 (or 44.7 among 6889 kernels); K=33.37; T=0.543 

Whereas x and K agree quite well with the values reported for X-rays and 
ultraviolet, T is much larger. In X-ray and ultraviolet data, T is very close to 
zero and does not differ from zero statistically. Thus the best estimate is that 
about 35 percent of the breaks produced by alpha particles function in later 
cell divisions as true stable terminal deficiencies, and do not generate breakage- 
fusion-bridge cycles. 

Ordinary judgment breaks down in assessing the numerical reliability of such 
an estimate as 7, depending as it does on the sampling errors of several distinct 
parameters. A Maximum Likelihood variance can be estimated by the means 
used in FaBeRGE (1956). In that paper, an approximation was used, which nu- 
merically comes very close to the exact solution. This exact solution requires the 
inversion of a 5 X 5 matrix, containing terms for 0*L/da? and 0°*L/08? as well as 
the corresponding covariance elements, in addition to those given in the paper 
cited. It has been pointed out to the writer by Dr. D. J. Fivney, that the same 
Maximum Likelihood asymptotic variance is obtainable, in this case, by a less 
laborious procedure, which has the additional advantage of yielding an explicit 
solution. Essentially, the standard general method, using differential coefficients, 
for the variance of a function is applied to the expression: 


Bye— aB8— ays 
Be 
It then follows that (KENDALL and Stuart 1958) 
NB®éV (7) = (Bry) *aB87e + (aBS— Bye + Qayd)e 
+ (Be—ad)*Bye + (B + y)?a?B8(8 + €) 

N being the total number of kernels. Thus V (7) =0.04072, T =0.543 + 0.202. 
T is 2.69 times its standard error; assuming a normal distribution, this implies 
that if T were in fact 0, then a value of T as great or greater than that observed 
would occur less often than once in a hundred. There does not seem to be any 
serious doubt that Ta (i.e., T for alpha particles) is a positive number much 
different from 0. 





T 


DISCUSSION 


Ta as used here and fa of Tradescantia workers are not identical parameters, 
but both presumably correspond to the same property of broken chromosome 
ends. It is at least suggestive that alpha particles act in a similar way on the 
chromosomes of these two organisms, and that there is a rough agreement in the 
order of magnitude of the effect in the two cases. 

The different chromosome breaking action of alpha particles as compared 
with X-rays is no doubt connected with the large difference in LET in the two 
cases. Fifteen to 20 ionizations are known to be sufficient to break a Tradescantia 
chromatid; if a chromatid is traversed by an alpha particle, there will generally 
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be a considerable excess of ionizations over this minimum within it. The radio- 
chemistry of alpha particles is also different from that of less densely ionizing 
radiations, a subject which cannot be reviewed here. The spatial distribution of 
the free radicals is changed, leading at times to completely altered equilibrium 
concentrations for the final products. For instance, while X-rays only produce 
H.O, from water in the presence of oxygen, alpha particles do so without oxygen. 
This has been attributed to a direct combination OH + OH — H.0O, in the tracks 
before much diffusion has occurred. The change in radiochemical behavior takes 
place, for water, at an LET of about 6 kev » (refs. in Gray 1954; ZrrKLE 1954; 
Lerort 1954; Epert et al. 1956; Hart et al. 1956). 

If telomeres are regarded as special kinds of chromomeres, natural chromo- 
some elements which can descend only from other telomeres, then it is difficult 
to explain their regular fresh production in the zygotic generation in maize. In 
the case described here, it seems inconceivable that a chemically violent agent 
like an alpha particle should be able to construct a self-duplicating element on 
more than one third of the occasions. A more acceptable speculation may be pro- 
posed. When a doubled chromosome is broken by X-rays, the sister strands are 
able to fuse together at once or soon afterward. The same would apply to the sub- 
chromatid of a chromatid bridge broken at anaphase, so that a breakage-fusion 
bridge cycle generally persists. The destructive reactions associated with the 
alpha-particle track may be imagined to cap such broken ends temporarily with 
decomposed material, thus preventing immediate or rapid sister fusion. Under 
such a provisional protection, the broken ends may be able to acquire a natural 
coating or to generate a new telomere which makes them nonsticky, possibly be- 
cause they can then proceed, protected against sister fusion or reunion with other 
broken ends, into some later stage of cell division where such a coating is de- 
posited. Since it is entirely possible that the organization of chromosomes in 
maize and in Drosophila is different in this respect, these considerations do not 
imply a criticism of the telomere concept as it applies to Drosophila. 


SUMMARY 


Maize pollen, carrying the linked dominant markers 7 Sh Bz Wz, was irradi- 
dated with alpha particles from an external plutonium source, and was used to 
pollinate plants carrying the corresponding recessives. 

The resulting marker losses and endosperm mosaics were analyzed to ascer- 
tain whether alpha particles are capable of breaking chromosomes so as to gen- 
erate functionally stable new ends. It was found that the ratio of stable broken 
ends to unstable broken ends is about 0.54 + 0.20 or that about 35 percent of all 
term‘nal breaks are stable. X-rays or ultraviolet produce few if any stable 
chromosome ends in this material. 
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